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Boiling experiments can be considered to be very important in studies in industrial fields. 
Boiling is commonly used as a cooling method in metal material manufacturing processes,  in 
which a high cooling capacity can be obtained through the generation of the latent heat of 
vaporization. Therefore, a change in the cooling rate will have an effect on the quality of the 
finished material, either good or bad. Normally, there are three types of boiling, nucleate 
boiling, transition boiling, and film boiling, as shown in Fig. 1.1.  
 
1.1.1 Nucleate boiling 
 
Nucleate boiling takes place when the wall superheat is in the range of 5-30 K. In this range, 
two different flow regimes may be distinguished: isolated bubbles from nucleation sites and 
separation of bubbles from the surface. For a higher value of wall superheat in the nucleate 
boiling range, the vapor escapes as jets or columns, which subsequently merge into slugs of 
vapor. Finally, at the end of this regime, the heat flux will reach its maximum value, which is 
known as the critical heat flux (CHF). 
 
1.1.2 Transition boiling 
 
The regime corresponding to a wall superheat range of 30-120 K is called transition boiling. 
This regime is also known as unstable film boiling or partial film boiling. The bubble 
formation in this region is so rapid that a vapor film or vapor blanket begins to form on the 
surface. At any point on the surface, conditions may oscillate between film and nucleate 






1.1.3 Film boiling 
 
This mode of heat transfer occurs when the value of the wall superheat exceeds 120 K. At this 
stage, the surface is completely covered by a vapor film or vapor blanket. The minimum point 
of heat flux in the film boiling regime is sometimes known as the Leidenfrost point (LFP), or 
minimum heat flux point (MHFP). 
 
In the fields of material manufacturing, dip, laminar jet, and spray quenching are commonly 
used in the heat treatment of materials to improve their mechanical strength. Recent material 
production processes such as hot strip rolling require more accurate cooling temperature 
control and a more uniform temperature distribution on the surface during jet or spray 
quenching. Because most of the target cooling temperatures are in the unstable transition 
boiling regime, it is difficult to precisely control temperature of materials in producing high 
value added materials or improving the mechanical properties of materials. 
 
The transition boiling regime has a negative gradient on the boiling curve and shows an 
inherently unsteady nature due to the strongly coupled phenomena of boiling heat transfer and 
transient heat conduction in the solid wall. In addition, during transition boiling, the number 
and size of the dry patches increase as the surface temperature increases, and thus the heat 
flux decreases. It is known that the transition from film boiling to nucleate boiling is closely 
related to the recovery of the wetting situation on the hot surface, and the transition boiling 
regime is characterized by the coexistence of partial wet (nucleate boiling) and dry (film 
boiling) situations. When a stable wetted situation is recovered, the heat transfer coefficient 
increases one or two digits compared with that of the film boiling regime. Therefore, the 
accurate prediction of surface wetting at the inception of transition boiling is required to 
precisely control cooling temperature. The recovery of the wetting situation on the hot surface 
is commonly recognized as the (MHFP) on the boiling curve, as shown in Fig. 1.1. However, 
our knowledge about the transition boiling heat transfer region is insufficient to predict and 






The wetting phenomenon and transition boiling heat transfer have an unsteady nature as a 
result of the strong coupling of the transient heat conduction in the solid wall with the boiling 
heat transfer on the surface. Thus, a deeper understanding of the fundamental processes of the 
wetting phenomenon is required. However, the wetting phenomenon takes place so quickly 
during quenching, that existing direct temperature measurement techniques are insufficient to 




Figure 1.1 Typical pool boiling curve for water at atmospheric pressure 
 
The homogeneous nucleation limit, or limit superheat, of a liquid represents the deepest 
possible penetration of the liquid in the domain of metastable states. At a constant pressure 
and composition, it is the highest temperature below the critical point that a liquid can sustain 
without undergoing a phase transition; at constant temperature, it is the lowest pressure. The 
practical significance of this limit resides in the consequences of the phase transition that 





















superheat vaporizes could create a so-called vapor explosion if a significant fraction of this 
energy appears in the form of a thermal detonation wave, or if bubbles grow at a rate that 
exceeds the ability of the surrounding liquid to acoustically respond [1, 2].  
 
The equation of liquid superheat is given by [3], 
 
SLSLr TTT 077.0923.0 +−≈Δ    (1-1) 
Hence, Trsat  is reduced saturation temperature = Tsat / Tc 
∆Tr = Tl - Tsat 
            Tc 
 
Table 1.1 Limits of superheat of pure liquids, [2] 
Substance P (Mpa) T (K) T (°C) 
H2O (water) 0.101 580.4 306.8 





















1.2  Literature review 
1.2.1  Literature review on droplet impact experiment 
 
A liquid drop test on a hot surface is a very simple flow situation and it makes the observation 
of boiling situations from the nucleate to film boiling heat transfer region easier. Similar 
experimental studies were used for this type of boiling system. However, the liquid layer is 
subjected to a sufficiently large heat flux after a sudden contact with the hot surface. Since the 
transient transition takes place within approximately 20 ms, observation using a high speed 
video system and fast response surface temperature measurement technique are essential to 
understand the transition boiling phenomena better. 
 
Many experimental and visual studies of liquid-solid contact on a hot surface have been 
conducted by numerous researchers [4-30]. Fujimoto et al. [4-6] performed research on the 
collision of a single water droplet with a hot Inconel 625 alloy. In their experiment, they 
studied the deformation of small and large droplets, and a comparison was made based on the 
same Weber number. In their report, it was concluded that at a lower temperature, the droplet 
deformation behavior was affected by the Reynolds number, contact angle, and motion of the 
boiling vapor bubbles.  
 
Chin Pan et al. [7] also conducted research on boiling heat transfer. The liquid-solid contact in 
transition boiling was modeled by involving the transient conduction, boiling incipience, 
macro-layer evaporation, and vapor film boiling. The prediction of the liquid contact duration 
and time fraction agreed reasonably well with the experimental data, and the model was able 
to predict both characteristics points on the boiling curve, the CHF points and MHFPs. In 
their study, it was found that surface coating (oxidation or deposition) tended to improve the 
transition boiling heat transfer and elevate the wall superheats at both the CHF and minimum 
film boiling points, which agreed with the experimental observations.  
 
Shoji et al. [8-11] conducted many studies in the transition boiling region. They studied and 





heater of a transition boiling system and derived the critical temperature fluctuation space 
correlation length, within which dry patches might interact to produce the stable film boiling 
regime.  Shoji et al. [9] also conducted an experimental study on heat transfer between a 
subcooled impinging droplet and heated surface in the non-wetting regime. They concluded 
that the sensible heat transfer to the drop was the main factor to control the total heat transfer.  
 
Hatta et al. [12-13] investigated the impingement of two successive droplets onto a hot solid. 
They studied the effects of the surface temperature and droplet spacing on the collision 
phenomena. Based on their experiments, they concluded that the surface temperature affects 
the deformation process of a droplet.  
 
Makino and Michiyoshi [14] performed an experimental investigation of water droplets on the 
heated surface of different materials using different droplet diameters. Water droplets with 
diameters of 2.54, 3.29, and 4.50 mm and heated plates made of four kinds of materials 
(copper, brass, carbon steel, and stainless steel) were used. These plates had the same size 
(150 mm diameter and 20 mm thick) and were slightly concave. Thus, the droplets did not 
spill off during the experiment.  
 
Ruckenstein [15] conducted an experiment on film boiling on a horizontal surface. An 
analysis of the heat transfer process in the case of film boiling was conducted by taking into 
account the Taylor instability and growth of the prominences up to the bubble departure. The 
initial radius of the prominences was determined by the Taylor instability, whereas the final 
radius was determined by the buoyant and surface tension forces. He reported that the growth 
of the prominences was due to the Taylor instability and to a part of the vapor generated at the 
liquid-vapor interface by the heat flux. The rest of the vapor generated by the heat flux 
compensated for the decrease in film thickness caused by the instability and maintained a 
stable film of vapor. 
 
Takata et al. [16] performed an experimental investigation on the effects of surface wettability 





heat transfer. The contact angles of TiO2-coated surfaces were first measured under UV 
irradiation, and then experiments were performed on the pool boiling heat transfer and 
evaporation of a single water droplet on a SHS. They concluded that the evaporation time 
decreased with a decrease in the contact angle. A SHS was found to be an ideal heat transfer 
surface and is applicable to various heat transfer phenomena that are affected by surface 
wettability. 
 
Negeed et al. [17-20] performed many droplet impact tests. They conducted an experimental 
investigation on the effects of the thermal properties of the hot surface and droplet 
characteristics on the droplet evaporation. Cylindrical blocks made of stainless steel, 
aluminum, and brass with different surface roughness values were used as the test surfaces. 
The droplet diameter and velocity were controlled independently. The behavior of a droplet 
after collision with a hot surface was observed using high-speed camera. The results presented 
the effects of the thermal properties of the hot surface, droplet Weber number, droplet 
velocity, droplet size, hot surface conditions, surface superheat, and degree of surface 
roughness on the solid-liquid contact time and maximum spread of the droplet over the 
surface. 
 
Negeed et al. [21] also performed a study on the dynamic behaviors of micrometric single 
water droplets impacting on a heated surface with and without a superhydrophilic coating 
using a high-speed video camera. A superhydrophilic surface (SHS), was achieved by coating 
the surface with titanium dioxide (TiO 2), and exposing it to ultraviolet (UV) light. Mirror 
finish heat transfer surfaces for different kinds of metals were also considered. The 
experimental runs were carried out by spraying single water droplets onto heated surfaces, 
where, the droplet diameter and velocity were independently controlled. The droplet behavior 
during the collision with the hot surface was observed using a high-speed video camera. By 
analyzing the experimental results and comparing the present and existing results, the effects 
of surface wettability, thermal properties of the heat transfer surface, droplet velocity, droplet 
size, and surface superheat on the dynamic behavior of micrometric single water droplets 





heat transfer on the TiO2 SHS remarkably increased surface wettability, and  the droplet solid 
contact angle dramatically decreased. 
 
Deendarlianto et al. [22] performed an experimental investigation to study the effect of 
surface wettability on the collision dynamics and heat transfer phenomena of a single water 
droplet impacting on a heated solid surface. To modify surface wettability, two modules of 
stainless steel coated with TiO2 were employed. In the first module, ultraviolet irradiation was 
used to produce a hydrophilic surface, whereas this was not used for the second. The diameter 
and depth of the coating surface were 30 mm and 200 nm, respectively. The droplet size was 
varied from 1.90 to 2.90 mm, and the substrate temperature was increased to 340 °C. The 
interaction of an impacting water droplet and a heated solid surface was investigated using a 
high-speed video camera. 
 
Senda et al. [23] conducted a study on the heat transfer characteristics of a small droplet 
impinging upon a hot surface. Using a vibratory method, uniform sized droplets of water were 
formed at constant intervals at room temperature and under atmospheric pressure. The 
breakup behavior was related to the particular surface temperature, that is, the CHF point and 
LFP. They reported that in the temperature range below 150 °C, the heat transfer effectiveness 
decreased because of the interface between the remaining liquid film and the impinging 
droplet. Meanwhile, the effectiveness remained almost constant in the film boiling region.  
 
Wachters and Westerling [24] also performed an experimental investigation of impinging 
water drops. They studied the heat transfer when a liquid drop impinges upon a very hot plate. 
The heat transfer was determined in an experiment using a sensitive heat flow meter, mounted 
in a small furnace. The surface area and acceleration of the center of gravity of the drop were 
estimated as functions of time from sequences of photographs taken during the impingement 
of droplets. It appeared that with the applied experimental conditions, the purely spheroidal 
state only occurred at surface temperatures above 400 °C. In this case also, the theory and 






Labeish [25] studied the heat transfer and hydrodynamic process during the impact of a drop 
on a heated wall. Acoustic and chemical effects were used. New phenomena (the cumulative 
expulsion of secondary drops upon collisions and statistical variability of heat transfer 
parameters under identical collision conditions) were described. The roles of the heat 
exchange mode parameters, and properties of the liquid and surface material in heat removal 
by drops were elucidated. In their report, they concluded that their technique could be used to 
interpret some peculiarities of high rate thermo-hydrodynamic processes that occur in the 
cooling of heated surfaces by drops.  
 
Tran et al. [26-28] also performed several experiments on droplets impacting a hot surface. 
They reported that, in the contact boiling regime, the emergence of liquid jets shooting 
vertically upward was a surprising feature of droplets impacting on structured surfaces. They 
provided a detailed description of these liquid jets, and showed that for a fixed temperature 
and Weber number, the jet shot higher with increasing pillar height.  
 
Bernardin et al. [29] carried out experiments investigating the impingement of water droplets 
on a hot aluminum surface at 100–280 °C with Weber numbers of 20, 60, and 280. They 
constructed regime maps showing film boiling, transition boiling, nucleation boiling, and film 
evaporation. The temperatures corresponding to the CHF and LFP showed little sensitivity to 
either the droplet velocity or impact frequency. The photographic results and heat transfer 
measurements were used to construct droplet impact regime maps, which identified the 
various boiling regimes for each of the three Weber numbers. These maps serve as a new 
useful foundation for understanding droplet impact behavior, as well as future analytical or 
numerical modeling of droplet and spray heat transfer. 
 
Inada et al. [30-31] also performed an experimental investigation of droplet impact. Their 
experimental work [30] was conducted using various kinds of liquid droplets, including water, 
methanol, ethanol, butanol, and propanol with diameters of 0.22-4.0 mm, wall superheated 






Manzello et al. [32] conducted experimental research regarding the impact of a distilled water 
droplet upon a heated wax surface using a high-speed digital camera. The droplet impact 
Weber number (We) was varied, and the collision dynamics were investigated using wax 
surface temperature of 20-75 °C. In their report, it was concluded that the water droplets no 
longer impacted on a solid surface beyond 75 °C, which was the melting point of the wax. 
 
Chatzikyriakou et al. [33] used an experimental method to measure the heat transfer between 
a hot surface and a non-wetting droplet. Surface temperature measurements with spatial and 
temporal resolutions of ~100 μm and ~4ms, respectively, were obtained using transient, high 
resolution, infrared microscopy to observe a thin metallic layer from beneath through an 
infrared transparent substrate. As a typical result, the heat transferred by a 1.5 mm droplet was 
found to be 0.91 J, with the heat flux peaking at 3.5 MW/m2 during the 10 ms it spent in the 
vicinity of the surface, and a peak transient surface temperature reduction of 47 K. In their 
report, they concluded that the developed measurement method could be used for the direct 
measurement of the very small amounts of heat extracted during the very brief interactions of 
a water droplet bouncing, without wetting, from a hot surface. Heat extraction on the order of 
0.2 J, over a period of about 40 ms, could be measured with an uncertainty of about 15%-
20%. 
 
Dhir [34] wrote a review that examined recent advances in predicting boiling heat fluxes, 
including some key results from the past. The topics covered included boiling heat transfer, 
nucleate boiling, maximum heat flux, transition boiling, and film boiling. 
 
Zhang and Yang [35] also conducted a boiling heat transfer experiment. Evidence of bubble 
growth in a drop was disclosed. The micro-explosion of droplets was found to occur in the 
transition boiling heat transfer range. No drop explosion took place in the spheroidal 
vaporization regime, except when a drop rolled on a micro-scratched heated surface. They 
concluded that the mechanisms for triggering drop explosion include the spontaneous 






Lagubeau et al. [36] conducted an experimental study of droplet impact on a solid surface in 
the spreading regime with no splashing. Using the space-time resolved Fourier transform 
profilometry technique; they studied the evolution of the drop shape during the impact. In 
their report, they also discussed the interplay between capillary and viscous effects in the 
spreading liquid dynamics, which suggests a pertinent impact parameter. 
 
Kandlikar et al. [37-38] studied the effects of the contact angle during the impact of a droplet 
on a heated surface. In their experiment [37], the contact angle of a droplet impinging upon a 
hot surface underwent changes as the drop spread and recoiled. The motion of the liquid and 
effect of evaporation from the edges of the drop affected the contact angle. The changes in the 
contact angle during spreading affected the spreading characteristics of the droplet upon 
impact. Based on the experimental results, it was concluded that the droplet shape under 
equilibrium conditions depended on the surface roughness. The equilibrium contact angle lies 
between the two limiting values given by the static advancing and static receding contact 
angles. The contact angle depends on the surface and history of the droplet. 
 
Mao et al. [39] conducted a study on the spreading and rebounding of droplets upon impact 
with flat surfaces over a wide range of impact velocities (0.5 - 0.6 m/s), viscosities (1 - 100 
mPa·s), static contact angles (30 - 120°), droplet sizes (1.5 - 3.5 mm), and surface roughness 
values using a fast shutter speed CCD camera. The maximum spread of a droplet upon impact 
greatly depended on the liquid viscosity and impact velocity. In their report, it was concluded 
that liquid viscosity and impact velocity were the most important parameters affecting the 
maximum extent to which a droplet spreads upon impact. Furthermore, the viscosity and static 
contact angle play dominant roles in determining the tendency of a droplet to rebound after 










1.2.2 Literature review on fast response thermocouples 
 
Wetting phenomenon during transition boiling heat transfer has an unsteady nature because of 
the strong coupling of the transient heat conduction in the solid wall and the boiling heat 
transfer on the surface. Thus, a deeper understanding of the elementary processes of the 
wetting phenomenon is required. However, the wetting phenomenon takes place so fast 
during quenching, that the existing direct temperature measurement techniques are not 
sufficient to understand the fundamental transient boiling process in detail. 
 
There have been many studies on heat transfer using fast-response surface temperature 
measurement techniques [50-57]. The fast-response measurement techniques are categorized 
into three types, category-1: flush mounted very thin sheath thermocouple [50, 52], category-
2: overlapped micro-thin deposited film thermocouple on an electrically insulated substrate 
with spattering, plating, or MEMS processes [54], and category-3: deposited thin film and 
wire junction on the surface [55-57]. In significant studies, Groendes and Mesler [50] 
performed water drop experiments on a hot surface with a temperature higher than the 
Leidenfrost temperature and measured the period of transient liquid-solid contact using a wall 
thermocouple signal. Nakabeppu and Wakasugi [53] measured the distribution of the surface 
heat flux due to evaporation on the microlayer beneath bubbles using overlapped micro Ni-
Chromel film thermocouples on a silicon substrate. They reported that the maximum response 
frequency of the thermocouples was 10 kHz.  
 
However, the category-2 technique is difficult to apply in the measurement of transient 
transition boiling on a thick metal surface because excess thermal stress and high temperature 
operation damage the sensor. Most of the studies introduced above were limited to nucleate 
pool boiling applications. As the earliest study on the transient boiling measurement technique 
with the category-3 type thermocouple, Moore and Mesler [58] formed a K-type hot junction 
just beneath the nichrome heater surface by plating it with a 1.3 μm nickel layer. They 
measured the transient surface temperature change corresponding to the evaporation and 





Groendes and Mesler [50] studied and measured the transient surface temperature as high-
speed motion pictures were taken of the impact of a 4.7 mm diameter water drop upon a 
quartz surface at a temperature above the Leidenfrost temperature. The thermometer used was 
a four lead, platinum film, resistance thermometer with an area of 0.25 x 1 mm. The 
temperature range of their study was 300 - 500 °C. Pictures were taken at 600 - 1000 frames 
per second and displayed a boiling pattern closely related to the drop movement. From their 
findings, the cooling produced by a saturated single water drop falling from 45 mm through 
steam was much smaller than the cooling predicted for a gently placed drop. 
 
Heichal et al. [51] developed a thin-film thermocouple to measure a rapid surface temperature 
change. A fine wire of Constantan was inserted vertically into a hole drilled through a steel 
plate and held in place by ceramic cement that acted as an electrical insulator. A thin 
conductive film was deposited between this junction and a second junction kept in an ice bath 
and calibrated as a function of the surface temperature. In their report, it was observed that the 
thin film sensors could detect a temperature rise of over 200 °C in less than 10 ns produced by 
a laser pulse focused on the junction. The sensors were also used to measure the transient 
surface temperature distribution under an impacting droplet of molten aluminum.  
 
Lee et al. [52] conducted an investigation that applied a micro-thermocouple flush mounted at 
the boiling surface to the measurement of the local surface temperature history in film and 
transition boiling on a high temperature surface. In their measurements, they observed the 
direct liquid-solid contact in the film and transition boiling regimes. The results of their study 
indicated that liquid-solid contacts may be the dominant mechanism for energy transfer in the 
transition boiling process.  
 
Nakabeppu and Wakasugi [53] employed MEMS sensors, including a trigger function and 
micro-thin film thermocouples, to study the complicated boiling heat transfer mechanism. 
First, the local temperature variation beneath a boiling bubble triggered by a small amount of 
heating was measured by the sensor. The temperature trends could be effectively brought into 





their report, it was found that a rapid temperature drop after bubble inception occurred during 
the formation and evaporation of the microlayer between the bubble and the heating wall. The 
subsequent temperature rise showed the dryout of the microlayer, and a momentary small 
temperature drop during the bubble departure process showed the rewetting of the dry area.  
 
Liu and Takase [54] also developed a technique for measuring the surface temperature and 
surface heat flux. Their technique involves two steps: (1) the measurement of the inner block 
temperature near the surface using special micro-temperature sensors; and (2) solution of an 
inverse heat conduction problem (IHTP) to obtain the surface heat flux and surface 
temperature using the measured inner block temperature data as an input. The results from the 
experiments showed that the special T-type thermocouples with a common positive pole for 
the copper block could measure the temperature change during a boiling process.  
 
Buchholz et al. [55] developed miniaturized sensors to measure the local pool boiling heat 
transfer and spatial dimensions to improve the understanding of the boiling process. To study 
the two-phase flow characteristics on a heater surface, a 4-tip optical probe with tip diameters 
of less than 1.5 μm has been developed. Micro-thermocouples have been developed to 
measure local temperature fluctuations inside the heater very close to the surface. The 
junctions of the micro-thermocouples are located 3.6 μm below the heater surface. It was 
found that these thermocouples are very useful to study local temperature fluctuations and 
spatial wetting dynamics.  
 
Michael et al. [56] developed fast-response thermocouples to measure the surface 
temperatures of the aluminum components in the combustion chambers of an internal 
combustion engine. The key features of the design are the use of the aluminum substrate as 
one of the thermocouple metals and the use of a thick copper layer as the hot junction at the 
surface. A finite element analysis (FEA) was used to determine that the optimum thickness of 
the copper layer was 100-125 μm. Following the FEA, the optimized thermocouple was tested 






Hussein et al. [57] fabricated in-house low-cost coaxial surface junction thermocouples 
(CSJTs’) and calibrated them to measure the transient surface temperature rise within the 
shock tube wall facility of the Universiti Tenaga Nasional. These consisted of K-type coaxial 
thermocouple elements. They also performed a micro-structural analysis and chemical 
characterization for these types of thermocouples to verify the surface morphology and 
qualitatively evaluate the material composition of the CSJTs. They concluded that the current 






























In this study we focused on the evaluation and observation of transient boiling heat transfer 
accompanied by wetting phenomena beneath a sessile liquid layer formed by the impact of a 
droplet on a hot surface. Droplet impact tests on a surface make observations of the transition 
boiling heat transfer region easier because of their simple liquid and vapor flow situations 
compared with other boiling systems like pool and external flow boiling systems. Even though 
numerous experimental studies on transient transition boiling have been reported, the wetting 
criterion is still unknown. From the literature review, we came to understand that no 
thermocouples exist that can measure the temperature histories just beneath the surface during 
liquid-solid contact at very high temperatures. Furthermore, there is no experimental work that 
used a combination of high-speed observations and temperature measurement technique in a 
transient transition boiling study. Therefore, in order to obtain a better understanding of the 
transient transition boiling phenomena, the present study had several objectives: 
 
1. To develop a fast-response chromel-nickel thermocouple that is able to work at 
high temperatures beyond the liquid superheat limit temperature of ethanol. 
2. To investigate the fundamental transient transition boiling phenomena during 
quenching using droplet impact tests on a hot surface through the development of 
fast-surface temperature measurement and high-speed observation techniques. 
 
The experiments were conducted for single and multiple droplet impacts. The multiple 
droplet impacts simulate liquid and solid contact situations on a hot surface during spray 











1.4 Scope of this dissertation 
 
An experimental investigation for single droplet impact and multiple droplets impact have 
been covered within this dissertation. It includes five main chapters as follows:  
 
Chapter one: It contains an introduction of boiling heat transfer phenomena, literature 
review of droplet impact experiment and also literature review on fast 
response thermocouple. This chapter also defines about our main 
objective of this experimental.  
Chapter two: It deals with the explanation regarding the development of fast response 
thermocouples. Beginning from the polishing process until the final 
surface finishing process is explained in this chapter. 
Chapter three: This chapter consists of the experimental apparatus, results and discussion 
of single droplet experiment. It represents the high speed image and 
surface temperature and surface heat flux analysis during the droplet 
impact on hot surface.  
Chapter four: This chapter consists of the experimental apparatus, results and discussion 
of multiple droplet impact phenomena. 













 Chapter 2 
Development of fast response 
thermocouples 
 
2.1 Introduction  
 
A fast response chromel-nickel thermocouple was developed in order to investigate transient 
transition boiling heat transfer during sudden liquid-solid contact on a hot surface. There was 
no choice other than the category-3 thermocouple (deposited thin film and wire junction on 
the surface) to realize transient boiling on a thick nickel surface which can operate at very 
high temperature and keep intact condition of the hot junctions against surface oxidization, 
thermal stress due to impacts of droplet. The hot junctions were fabricated at 3 μm below the 
surface with electrical discharge machining and electroless Ni deposition process. This 
thermocouple indicated a response delay time of 80 μs.  
 
Fabrication of the fast response thermocouples was challenged to detect local temperature 
fluctuations over 10 kHz on a hot surface. Local surface temperature and surface heat flux 
















2.2 Design of film-wire thermocouples 
 
Figures 2.1 and 2.2 show a schematic of film-wire thermocouple, photographs of a disk and a 
hot junction. Each hot junction was formed as contact area of a nickel film and top edge of a 
chromel wire. As shown in Fig. 2.2(c), nine through holes were formed on the central portion 
of the disk (denoted with the green circle) with electric discharge machining (EDM) and those 
were arranged a square lattice at the pitch of 2.5 mm as shown in Fig. 2.2(c). Electrically 
insulated chromel wire with SiO2 coat was fixed in a hole and the top surface was polished 
until the tips of the wires became flush with the nickel surface as shown in Fig. 2.2(b). 
Average surface roughness Ra along the center line of the disk was indicated about 0.449 μm.  
 
A response time of thin film-wire thermocouple strongly depends on the thermal properties of 
materials and its configuration. In order to make the thermocouple design better, temperature 
response at a hot junction was evaluated by using a transient heat conduction analysis. Table 
2.1 gives mean Seebeck coefficients between 0 and 100 oC of typical thermoelectric metals 
against platinum. From the aspect of voltage measurement, higher thermo-electromotive force 
is better for combination of film and wire materials. Oxidization resistance of the film 
material is also important for high temperature experiments. Most of the existing studies 
selected the combination of copper film and constantan wire due to a good time response. 
However, there is no way to select copper film for the present experimental use due to 
oxidization at operating temperature up to 300 oC. Thus, chromel (90% Ni, 10% Cr) wire and 
nickel film were selected as the second best. As given in Table 2.1, expected thermoelectric 
power of chromel-nickel thermocouple is 42.9 μV/K and this value is comparable with 










Effects of thickness δ and thermal diffusivity as of the deposited film on the time response 
were evaluated by using an exact solution of one dimensional semi-infinite solid and the 
thickness of a nickel layer was decided. When a harmonic surface temperature fluctuation 
propagates into a solid, the temperature oscillation is diminished as going into the solid 
deeply. The amplitude of higher harmonic wave at the depth of x decreases rapidly as a factor 
given by Eq. (2-1) [68].  
λπππ /2/4/2 xfax ee s ⋅−⋅− =                  (2-1) 
 
fascr 195.0=δ       (2-2) 
 
Here, f is a frequency of the harmonic wave, as is a thermal diffusivity of the solid and λ is a 
wave length. The decay factor becomes very small value (e-2λ = 0.0019) at the depth of one 
wave length λ = (4πas / f )1/2. Supposing the decay factor as 1/2 for the present hot junction, it 
can be derived the critical depth δcr as Eq. (2-2) for certain frequency and film material.  
 
Figure 2.3 shows the relationships between the critical thickness and frequency for different 
materials such as Silver, Copper, Brass, Nickel and Stainless steel. Figure 2.3 indicates that 
the critical depth becomes smaller as the thermal diffusivity decreases and the frequency 
increases. For example, it can be known that the critical thickness of nickel requires less than 
6 μm to ensure the frequency response of 100 kHz.  
 
As shown in Table 2.2, chromel and nickel have different thermal properties. A thermal 
inertia (ρck)1/2 of chromel is about half of nickel’s one. Transient temperature response around 
the chromel wire is expected to indicate undershoot as compared with uniform nickel solid 
temperature at the same depth due to the poor thermal inertia of the chromel. Therefore, an 
axisymmetric two dimensional transient heat conduction analysis was done to assess the 
transient temperature indication at the junction position after sudden contact of semi-infinite 
stationary ethanol with nickel disk of 5 mm thickness. Detail of a film-wire thermocouple 





thin Ni deposit layer was modeled. Representative hot junction temperature was evaluated as 
1) average temperature over the cross-section area of the wire or 2) edge temperature on the 
circumference of the wire from the 2D heat conduction analysis.  
For reference, the one dimensional exact solution given by Eq. (2-3) for sudden contact of two 
semi-infinite stationary materials of ethanol and homogeneous Ni was depicted for the depth x 
= 3 μm. This solution is free from the existence of the chromel wire in the nickel. In Figure 
2.5 differences between the exact solution and the expected average junction temperatures 
seem decreasing as the diameter of wire and difference in the thermal inertias of the wire and 
the base material (Nickel) decrease. In the case of platinum, expected errors are found to be 
much lower as compared with the chromel regardless of wire diameter. Even at the worst case 
of the φ0.32 mm chromel wire, it is expected that the cross-section averaged junction 
temperature indicates 3 % lower than the exact solution and about 120 μs delay time requires 
to reach quasi-steady temperature. The expected error seems to be tolerable for the present 
experimental use. The junction temperature at the edge for the chromel wire agrees with 
Eq.(2-3) within 1%. Due to fine wire handling at assembling the thermocouples, it is decided 



















Table 2.1 Mean Seebeck coefficients of some materials at 0–100℃, compared to  
  Platinum (Unit in μV/K) 
Copper +7.6  Nickel -14.8 
Chromel +28.1  Alumel -12.9 
Gold +7.8  Constantan -35.1 
 
Table 2.2 Thermal diffusivity and thermal conductivity for materials at 300 K [69] 
 
 Thermal diffusivity 
a , mm2/s 
Thermal 
conductivity 
k , W/m/K 
Thermal inertia 
(ρck)1/2 , kJ/(m2Ks1/2) 
Nickel 23.9 69.8 14.28 
Chromel 3.9 13.8 6.99 
Silicon dioxide (Insulator) 0.81 1.62 1.80 




















   
 
                                
 























                                           
 
(a) Nickel disk ( diameter 50 mm)                                          (b)  Close up of hot junction 
 
(c) arrangement of the hot junctions 
Figure 2.2 Dimension of the test surface, arrangement of the hot junction and close up of 
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Figure 2.3  Relationship between critical depth and frequency for different  
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Figure 2.4 Axisymmetric two-dimensional film-thermocouple model during sudden 
contact of liquid ethanol and nickel disk 
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2D Analysis θj,edge  at r  = d/2
Wire dia., μm      100       320
Chromel                  
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2.3 Procedure in manufacturing film-wire thermocouples 
 
Table 2.3 shows the process flow of the manufacturing film-wire thermocouples on the nickel 
disc. Basically it consists of 8 main processes which are 1) material polishing process, 2) base 
material drilling process, 3) chromel wires coating process, 4) chromel wires inserting 
process, 5) attaching the epoxide and ceramic adhesive process, 6) surface grinding process, 



























Base material polishing process 
Base material drilling process 
Chromel wire coating process 
Chromel wire inserting process 









2.3.1 Polishing Process 
 
The process begins with the polishing process. A raw material of nickel base disk with 50 mm 
in diameter and 5 mm in thickness was prepared. Both surface of the disk were polished with 
an emery paper of #600, #1000 and #2000 using a wetty type grinding machine. Then, the top 
of the nickel surface was carefully polished by hand using #2000 emery paper. A lapping 
compound sheet of 1 μm was used until the surfaces became mirror polish surface. Then, the 
polish surface was cleaned by using UCM (ultrasonic cleaning machine) as shown in Fig. 
2.6(f) for several times in order to remove all the micro-dust on the surfaces. 
 
 
(a) Disk holder 
 
(b) grinding machine 
 
(c) Polishing process in progress 
 
(d) small amount of water used during 
the polishing process 
 
(e) Polished surface 
 
(f) ultrosonic cleaning machine 
 






2.3.2 Drilling Process 
 
Nine holes approximately φ 0.326 mm in diameter were drilled at 2.5 mm pitch by EDM 
(Electric Discharge Machining) drilling and wire EDM. Figure 2.7 shows the actual image of 
the base material. The image of drilled holes also was shown in Fig. 2.7 (b). As shown in Fig. 
2.7(b), these tiny holes were cleaned using UCM for total of 2 hours to remove all the dust 






(a) nickel base, φ 50 mm 
 
(b) 9 tiny holes of 0.326 mm in 
diameter 
             













2.3.3 Chromel wire coating process 
 
In the process, SiO2 was coated around chromel wires to make electrical insulate layer using 
film coating device. At the beginning, the chromel wires were cut into a suitable length. After 
that, the surface of the chromel wire was roughened with Scotch Brite and cleaned with the 
UCM. Then, the wires were degreased by using ethanol. Then a cleaned chromel wire was 
installed on the device as shown in Figure 2.8(a). The chromel wires were coated with coating 
solution (SiO2 multifunction surface processor, SSL-SD2000-SX). The coating liquid was 
sprayed horizontally on a rotating chromel wire from a spray brush in order to make uniform 
thickness of SiO2. The chromel wires were sprayed for 2 times at low rotational speed in order 
not to splash the sprayed solution. Then, the chromel wire was wiped gently to remove 
remaining and unnecessary SiO2 liquid on the wire. The coating process was done in the draft 
box as shown in Fig. 2.8 (d) due to organic solvent. The sprayed chromel wires were put into 
an electric furnace at 150°C to enhance silica reaction and get very hard SiO2 layer. The 
resistance between the core wire and the insulated surface along the wire was measured to 

















(a) chromel wire holder and spinning 
machine during coating 
 
(b) spray brush 
 




(e) coating tools with rotating application  
(f) regulated DC power supply 
 
(g) coating in progress 
 
(h) spray and wiping process  
 





2.3.4 Chromel wire inserting process 
 
The chromel wires were inserted very carefully into the tiny holes in order not to peel off the 
coating layer. The chromel wire needed to be inserted vertically (90 deg) with the nickel base 
in order not to scratch the coating layer at the hole edge. When the clearance between the hole 
and the wire was so tight, keeping vertical position by hands during the inserting process 
became so difficult. Thus, the inserting device shown in Fig. 2.9(a) was used. During the 
inserting process, a multi-meter was used to check the resistance between the nickel disc and 
chromel wire. This to ensure insulation of all wires with the nickel disk was certified to 
finished the process. 
 
 






(c) vertically insert 
 



















2.3.5 Attaching the epoxide resin and permanent ceramic adhesive  
 
As shown in Fig. 2.10, the roots of the wires on the surfaces were temporary fixed with 
epoxide resin to protect the coating during handling or grinding the disk. Meanwhile, 
permanent ceramic adhesive was used for fixing the roots on the bottom surface. The 
remaining chromel wires on the upper side (fixed with epoxide) were cut and the top surface 
was grinded at the next process. 
 
 
(a) epoxide resin on top 
 
 
(b) ceramic adhensive at the bottom 
 
 
Figure 2.10 Image of epoxide resin on top and ceramic adhesive on the bottom part of the 










2.3.6 Grinding process 
 
The grinding and polishing process was done very carefully in order to prevent other 
scratches on the surface. The chromel wires and the epoxide were polished with #1000 and 
#2000 emery papers until the tips of the chromel wires become flush mounted with the base 
metal surface. Finally, a lapping compound sheet of 1 μm was used until the surface becomes 
a mirror polish surface. 
 
 
(a) grinding process 
 
(b) grinding on top surface 





















2.3.7 Surface inspection  
 
The base material was inspected, the clearance and the situations of the chromel tips, and the 
base material surface roughness was also measured with the 3D laser microscope. 
Furthermore, the hot junction image also was taken in order to make sure clearance between 
the wire and the hole and flatness of SiO2 filler in the clearance is very clean. Report sheet of 
surface roughness average are shown in Fig. 2.13(a) 
 
 
(a) LEXT laser microscope  
 
(b) measuring the surface roughnees 
 
(c) zooming and scanning process 
     
(d) close up image  
         
(e) surface roughness check (Ra = 0.449 μm) 
Figure 2.12 Laser microscope machine (LEXT) 
Nickel base 









(a) report sheet 






















2.3.8 Electroless plating process 
 
Finally, the top surface of base material was nickel plated with electroless plating process as 
shown in Fig. 2.14. Approximately 3.69 and 3.72 μm of pure Ni-B layer (99.6 % Ni, 0.4 % B) 
was deposited on top of the surface as shown by the result in Table 2.4. 
 
 
(a) electroless deposition 
Figure 2.14 Electroless deposition 
 
 
Sampling location 1 2 3 Average, μm 
Sample 1 3.55 3.71 3.81 3.69 
Sample 2 3.66 3.50 3.99 3.72 
 

















2.4 Evolution of fast response thermocouples  
 
2.4.1 Calibration test 
Calibration tests for each hot junction were done over a range from a room temperature to 260 
oC. During the calibration, the top surface was insulated with a rock wool sheet to keep 
uniform temperature distribution on the surface and confirming a steady thermo electromotive 
force (EMF) indications at every 5 K.  
Figure 2.15 shows a relationship between temperature and EMF of a fabricated Ni film-
Chromel wire thermocouple. The surface temperature at each point was obtained with the 
indication of the Chromel-Alumel (K type) thermocouple welded on the surface and the 
reference EMF table of K type.  
From Fig. 2.15 it is seen that the fabricated thermocouple records a mean Seebeck coefficient 
of 41.9 μV/K which almost agrees with the expected value of 42.9 μV/K from Table 2.1. 
Fourth order of polynomial for each hot junction was decided with the least square method. 
Typical standard error estimation (SEE) of the calibration polynomial was 8.8x10-2 K. 
















Figure 2.15 Relationships between EMF and temperature for the fabricated thermocouple 








2.4.2 Response time of the thin film-wire thermocouple 
 
To evaluate response time of the film-wire thermocouple, single droplet impact on the hot 
junction was first conducted under non-boiling condition. Since all the hot junctions were 
grounded on the disk, an inductive noise from power lines was superimposed on the EMF 
signals from the junctions. High speed sampling of EMF signal at high gain amplification 
requires an appropriate signal pre/post processing such as low-pass filter (LPF). Thus, an 
appropriate cut-off frequency of the LPF was decided based on the measured data. 
Figure 2.16 shows an effect of a cut-off frequency of LPF instrumented in the isolation 
amplifier on the sampled temperature histories. The reference time t = 0 s was taken as the 
liquid-solid first contact time. The line depicted as “Through” is for all-pass filter and the 
lines denoted as 1, 10 and 100 kHz are for the corresponding cut-off frequencies. It is noted 
that a reference point of the vertical axis for each history was shifted as 3 K for convenience 
of comparison but the temperature scale of 2 K was fixed for each curve. Initial surface and 
ethanol droplet temperatures were 65 oC and 25 oC. Just after liquid-solid contact (t = 0), the 
sudden drop in each temperature history was recorded. The history for all-pass filter indicates 
that the amplitude of high frequency noise component is as large as about 1.5 K. As the cut-
off frequency becomes lower, the noise component was strongly attenuated, but a response 
time to reach the quasi-steady temperature was getting worse from 45 μs to 480 μs.  
For a reference, the exact solution of solid temperature distribution during 1D transient heat 
conduction after the sudden contact of semi-infinite liquid and solid with ratio of solid and 
liquid thermal inertias β = [(ρs cs ks) / (ρl cl kl)]1/2 =25.2 is given in Eq.(2-3). Thermal properties 
of nickel and ethanol can be referred in Table 2.2. In the case of nickel solid and ethanol 
liquid contact, the response time at x = δ (3 μm) in nickel is expected as about 80 μs. Looking 
at the history for 100 kHz, we can see that the response times was 75 μs and it did not 
deteriorated so much as compared with the results of the lower frequencies. The nose 
component was also appropriately eliminated. Thus the cut-off frequency of 100 kHz was 
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Figure 2.16 Effect of cut-off frequency on measured temperature response during sudden 














Figure 2.17 indicates measured junction temperature Tj (thick black line), inverse solutions of 
surface temperature Tw and surface heat flux qw (thick red line), exact solutions of Tw and qw 
(blue dashed lines) with time. The experimental condition is for non-boiling condition at an 
initial surface temperature Tso of 87.8 oC, ethanol droplet temperature Tl of 25 oC. From Eq.(2-
3), the exact solutions of Tw and qw are given in Eqs.(2-4) and (2-5). Contrary to the above 
expect, the measured temperature was not affected so much due to low thermal inertia of the 
chromel wire. The junction temperature may not indicate the average temperature on the top 
area of the wire end surface. The estimated Tw and qw with the inverse analysis agreed well 
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Figure 2.17 Comparison of inverse solutions from experimental data with exact solutions 








2.5 Inverse heat conduction analysis technique 
 
A typical thermal penetration depth from the surface with transient heat conduction in the 
solid is proportional to (atr)1/2. For example, the penetration depth for nickel after 1 ms is the 
order of 0.1 mm. Therefore, it can be assumed to be Ni disk of 5 mm thickness as a semi-
infinite solid. A hot junction exists very near the surface, namely at the depth of 3 μm from 
the surface. The measured temperature may be treated as the surface temperature. However, a 
one dimensional inverse heat conduction analysis was used here for a semi-infinite solid with 
homogenous isotropy constant thermal properties proposed by Monde [62].   
 
A governing equation Eq.(2-6) with initial and boundary conditions given in Eqs.(2-7) and (2-
8) was analytically solved in complex space after the Laplace transformation. Sampled 
transient temperature data set measured at an internal single location x = δ was approximated 
with a half-polynomial power series function given in Eq.(2-9). In Eq.(2-9). integer N is the 
maximum power index of the half-polynomial, t0 is a reference time, the coefficients of bi are 
decided by the least square method and sample data, and Γ is the Gamma function.  
 
The inverse solution with Laplace operator s in complex space was solved as Eq.(2-10) with 
factors Pi including a thermal diffusivity a, the coefficients of the half-polynomial bk and a 
depth of the thermocouple δ. After Maclaurin expansion of exponential function in Eq.(2-10) 
and tedious manipulations, finally the inverse solution in time space T(x,t) was obtained as a 
half-polynomial. Thus surface temperature Tw(t) and surface heat flux qw(t) were given as 
Eqs.(2-11) and (2-12) from the solution T(x, t). Coefficients of Ck and Dk were given in Eqs. 
(2-11) and (2-12). 
 
It is known that accuracies of Eqs.(2-11) and (2-12) depend on the accuracy of Eq.(2-9) and 
the accuracies degrade in the case of strongly irregular temperature fluctuation with time. To 






The measured temperature is expressed with several superimposed approximate functions 
given as Eq. (2-14). As inherent of exact solutions for semi-infinite solid, eigen value of 
Eq.(2-6) takes continuous real number from 0 to ∞. This means a change in the boundary 
condition at earlier time period affects on behavior of the solution after long time. 
 
Since the effect of the boundary condition in past time hardly decays for a semi-infinite solid, 
a Duhamel integral from 0 to arbitrary time t to construct the exact solution cannot perform 
piecewise for a discontinuous time function expressing the boundary condition [68]. 
Therefore, each function to be imposed should be a continuous function during the integration 
period. As shown in Fig.2.18 a time period of sampled data from t0 to tf is divided into Ncorr 
subregions [t0,k, tf] with a common ratio given as a rational number r until number of sampled 
data in a period of the subregions reaches the minimum number Nmin given as Eq.(2-13). An 
advanced approximate function for the k th subregions is given as Eq.(2-15). The 
superimposed time function of the boundary condition is given in Eq.(2-15). The rational 
number r and the minimum data number of the subregion Nmin were optimized to get the best 
accuracy of Eq.(2-14).  
 
In Fig. 2.19, a comparison of measured data Tj(t) and superimposed approximate function f(t) 
for r = 1/5 and different minimum sampling number of Nmin = 11, 22, 220, 546 are shown. As 
Nmin decreases, the minimum time window size becomes smaller. For the smaller window size, 
the approximate function Eq.(2-14) can express more details fluctuations of the measured 
temperature and the standard error of estimation becomes smaller. However, an induced noise 
included in Tj was also reproduced in the approximate function with Nmin = 11. Thus, the 
recommended approximation parameters in Eqs. (2-14), (2-15) were decided to be N = 4, r = 
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Figure 2.18  Schematic of subregions to decide approximate functions. 
 












Tbo = 187 ℃, u = 0.6 m/s , ΔTsub = 51 KΔtmin = 55 μs, Nmin = 11
 : Tj(t)
 : f(t)
Standard error of estimation = 0.12 K













Tbo = 187 ℃, u = 0.6 m/s , ΔTsub = 51 KΔtmin = 110 μs, Nmin = 22
 : Tj(t)
 : f(t)
Standard error of estimation = 0.2 K
 
(a) Δtmin = 55 μs                                                              (b) Δtmin = 110 μs 












Tbo = 187 ℃, u = 0.6 m/s , ΔTsub = 51 KΔtmin = 1.1 ms, Nmin = 220
 : Tj(t)
 : f(t)
Standard error of estimation = 0.67 K













Tbo = 187 ℃, u = 0.6 m/s , ΔTsub = 51 KΔtmin = 2.7 ms, Nmin = 546
  : Tj(t)
 : f(t)
Standard error of estimation = 1.6 K
 
(c) Δtmin = 1.1 ms                                                           (d) Δtmin = 2.7 ms 
 
Figure 2.19  Comparison of measured data with the approximate function for different 






 Chapter 3 
Characteristics of transient boiling 
phenomena during single droplet impact 
 
3.1 Summary 
The objective of this chapter is to investigate transient transition boiling phenomena when a 
sessile single ethanol droplet contacts with a hot nickel surface on which the developed film-
wire thermocouples are mounted. The experiment was conducted for an extensive initial 
surface temperature Ts0 ranging from 100 Ԩ to 250 Ԩ, including the liquid superheat limit 
temperature of ethanol, TSL (= 197 Ԩ), three different liquid subcoolings ΔTsub of 53, 40 and 
33 K, three different droplet impact velocities u of 1.24, 1.69 and 2.04 m/s and three different 
inclined angles of the surface θ of 0 (horizontal), 30 and 40 deg. The droplet diameter d was 
3.7 ± 0.2 mm. Development in transient boiling situation from initial liquid-solid direct 
contact to dryout, namely from the initial nucleate to film boilings, was visually observed 
with the high speed video camera. The changes in local surface temperature and local surface 
heat flux with time were also measured in synchronize with the observation.  
 
3.2 Experimental apparatus  
 
Figure 3.1 shows a schematic of the experimental apparatus. The experimental apparatus 
consisted of four main parts; heated surface, optical observation and recording system, droplet 
dispenser and data acquisition system. The heated surface was mounted on the top of a heater 
casing. K-type thermocouple welded on the top surface was used as reference temperature to 
control a radiation heater power. The heating surface was in horizontal position, inclined 30 
and 40 degrees from the horizontal direction. The droplet dispenser used in this experiment 
was similar to the stalagmometer for measurement of surface tension with the pendant droplet 






inner diameter. A geared D.C. motor driven micrometer syringe supplied test liquid to the 
vertical glass tube. When the droplet volume increases at the bottom end of the tube and 
gravity force of the droplet reach beyond maximum suspending force due to surface tension, a 
droplet will gently fall on the hot surface. The diameter of the droplet was 3.7 ± 0.2 mm. In 
order to maintain repeatability of a droplet diameter, the bottom end of the vertical dispenser 
glass tube was ground at right angle to make a sharp corner edge. 
The droplet impact velocity was calculated by using 
ghu 2=     (3-1) 
where h is the drop height from the hot surface. The droplet impact velocities of 1.24, 1.69 
and 2.04 m/s corresponding to the drop heights of 80 mm, 147 mm and 214 mm, respectively.  
The Weber number of the droplets, which is known as the ratio of the inertia force to the 
surface tension force given in Eq.(3-2), is often regarded as a key parameter in droplet impact 
research. 
σρν /2dWe =     (3-2) 
where ρ, v, d and σ are the liquid density, impact velocity of the droplet, diameter of the 
droplet, and surface tension, respectively. The corresponding We was 200, 370 and 540 to the 
impact velocities of 1.24, 1.69 and 2.14 m/s.  
 
The optical observation was carried out with the stereo microscope equipped (OLYMPUS 
Inc., model SXZ7) with a coaxial epi-illumination system (100 W) and a plane apochromat 
objective lens with a long working distance and additional metal halide lamps (600 W) with 
fiber light guides were used as lighting system. The transient transition boiling situation was 
recorded with the digital high speed camera (Vision Research Inc., Phantom V710; 1 million 
frame per second (fps); maximum resolution: 1200 x 800 pixels) connected to the trinocular 
tube of the microscope. A typical recording condition was selected as 22,000 fps with a 
resolution of 640 x 480 pixels. 
The data acquisition system consists of the isolation amplifier (NF Corp., Model 5325; wide 
frequency band from D.C. to 1 MHz, gain from 0.1 to 1000) and the high speed A/D 






frequency of 10 MHz) installed in the data acquisition PC. Thermo electromotive force 
(EMF) change was recorded for the amplifier gain of 500 and a sampling rate of 200 kHz. To 
synchronize the analog sampling time with the high speed camera recording time, a handmade 
photo interrupter with a laser diode illuminant detected a falling droplet over the hot surface 
and it transmitted a pre-trigger signal to the camera and the A/D card. After finishing 
experiments, sampled binary data were converted to voltage and then temperature with the 
thermocouple calibration formular.   
  
1. Nickel disk with film-wire thermocouples 2. Radiation heater  3. Heater casing  4. Ice box 
5. Isolation amplifier  6. Data logger 7. Thermostat 8. Stereo microscope  9. High speed video 
camera 10. Computer  11. Metal halide lamp 12. Droplet dispenser 13. Micrometer syringe 
14. DC power 15. Laser sensor 16. Electronic flash  17. Trigger device 
 
Figure 3.1 Schematic diagram of single droplet experiment  
 
3.3 Experimental conditions 
 
The experimental range of the single droplet impact tests was tabulated in Table 3.1. Ethanol 
which has the saturated temperature Tsat of 78 oC and the liquid superheat limit temperature 
TSL of 197 oC, was chosen as the test fluid. The initial surface temperature range included both 
30  
θ = inclined angle 






heterogeneous nucleation and homogeneous nucleation (liquid superheat limit) temperature of 
ethanol. For this experiment, we performed more details regarding droplet impact height and 
liquid subcoolings.  
Table 3.1 Experimental condition 
Test liquid Ethanol Tsat = 78 oC at 0.1 MPa 
Initial surface temperature, Ts0 (oC)  100-250  
Degree of subcooling, ∆Tsub (K) 53, 40, 33  
Impact height, h (mm) 80, 147, 214 
Impact velocity, u (m/s) 1.24,1.69, 2.04  
Diameter of droplet, d (mm) 3.7 ± 0.2  
Weber number, We 200, 370, 540 
Surface inclined angle θ (deg) 0, 30, 40 
 
 
3.4 Experimental results of visual observations and heat transfer 
3.4.1 Effect of initial surface temperature on the transient boiling 
 
Figures 3.2, 3.4, 3.5 and 3.7 show sequential images of boiling situation and graphs of 
measured temperature change with time taken for four different initial surface temperatures of 
Tso = 140 oC, 170 oC, 190 oC and 240 oC at a fixed liquid subcooling of ΔTsub = 53 K and a 
fixed impact velocity of u = 2 m/s. The corresponding initial wall superheats were 62 K, 92 K, 
118 K and 162 K, respectively. The initial temperatures were selected as below/near/above 
TSL to evaluate an effect of Ts0 on transient transition boiling around the liquid superheat limit 
temperature. 
In the photos, a red dot denotes the location and the real size of the reference hot junction. 
Furthermore, a time denoted below each photo indicates the elapsed time after a droplet 
contacted with the reference hot junction. Each graph denotes a change in the measured 
temperature Tj, the estimated surface temperature Tw and the surface heat flux, qw with the 
elapsed time after the first contact of the droplet with the red colored reference junction. The 






reference.  The black arrow denoted as (a)-(f) on the Tw curve indicates the time at which the 
photo was taken. The time durations denoted as “NB”, “TB” and “FB” indicate nucleation 
boiling, transition boiling and film boiling beneath a sessile droplet, respectively. For “NB” 
and “FB” entire of the area beneath a droplet was covered with nucleate and film boilings. 
“TB” means a coexistence of nucleate and film boilings. A duration denoted as “Wet” or 



























                                                             (3-4) 
 
a) Tso = 140 °C (Tso << TSL): Initial surface temperature is much below TSL 
Figure 3.2.I shows sequential images of boiling situation after an ethanol droplet impacted on 
the surface at Ts0 = 140 °C which was much below the liquid superheat limit temperature, TSL 
= 197 °C. After the droplet impact on the horizontal surface, it was flattened on the surface. 
Sketches of droplet deformation and dry out on the hot surface at 140 oC were shown in Fig. 
3.3 for easy understanding of the high speed images.  
 
At the beginning of the droplet impact, the generation of small bubbles at active nucleation 
sites beneath the droplet was observed as shown in Fig. 3.2.I(b) at 0.50 ms. Numerous 
numbers of tiny bubbles gradually coalesced into large bubbles as shown in Fig. 3.2.I(c) at 2.5 
ms. And then a rupture of a coalescence bubble triggered generation of small dry patch on the 
surface as shown in Fig.3.2.I(d) at 7.0 ms but the dry patches were rewetted soon. As 
indicated with the white dashed circle in Fig. 3.2.I(e) at 9.64 ms, the dry patches expanded to 
wedge away a thin bottom liquid layer. The dry patches were never rewetted and the remained 
liquid was deformed to fish net structures on the hot surface. Finally, the fish net shaped 
liquid was split into spheroidal droplets as shown in Fig. 3.2.I(f) at 16.0 ms. A dense mist was 
also generated due to intermittent contacts of droplets with the surface. As the result of the 






maintained until the fragmentation of the liquid film into small droplets due to the liquid film 
breaking. Thus the liquid film breaking time tbreak is defined as the time when dryout on the 
reference hot junction due to the liquid film break was observed on the surface. 
 
Meanwhile, Fig. 3.2.II depicts the recorded junction temperature (Tj), the surface temperature 
(Tw) and the surface heat flux (qw) estimated by the inverse heat conduction analysis. As we 
can see, after the droplet impact, Tw decreases from 140 ºC to approximately 130 ºC being 
near to Ti. and a maximum heat flux was recorded as high as 10 MW/m2 at 0.50 ms. After the 
impact, it is also observed that the value of Tw is very close to the theoretical value of Ti  
which means that the thermocouples reading is very good and accurate. After 9.64 ms 
corresponding to the local dryout time on the hot junction, a reading of qw decreased to zero 
and Tw started recovering toward the initial solid temperature. 
 
b) Tso = 170 °C (Tso < TSL)  
Active bubble nucleation on the liquid-solid interface were observed in Fig.3.4.I(b) and (c) 
taken at 0.50 and 1.0 ms. This active nucleation sites can be still seen until 2.0 ms as shown in 
Fig.3.4.I(d). A higher initial wall superheat results in smaller size cavity activation as 
compared with Fig.3.2.I for Ts0 = 140 oC. Finally, a circular dry patch appeared on the surface 
and the reference junction became dryout at the time of 6.24 ms denoted by the white dashed 
circle as shown in Fig. 3.4.I (f).  
As we can see in Fig.3.4.II, just after the impact Tw decreased from 170 ºC to approximately 
158 ºC being lower than Ti and the maximum heat flux recorded as high as 14 MW/m2 at 0.50 
ms. Tw gradually decreased to the lowest temperature of 150 ºC until the liquid film breaking 
time tbreak = 6.24 ms. After tbreak, qw became zero and Tw started recovering toward the initial 
solid temperature.  
From the comparison of Fig.3.4 with Fig.3.2, the development of the boiling situation at Ts0 = 
170 oC was similar with that at Ts0 = 140 oC except for decrease in tbreak from 9.64 ms to 6.24 
ms. The wetted situation was still maintained until the occurrence of the liquid breaking to 







c) Tso = 190 °C (Tso ≈TSL) 
Figure 3.5.I shows the result for Ts0 = 190 oC close to TSL. Sketches of vapor film generation 
process and liquid film breaking situation on the hot surface at 190 oC were shown  in Fig. 3.6 
for easy understanding of the high speed images.  
Active bubble nucleations on the liquid-solid interface were still observed in Figs. 3.5.I(b) and 
(c) similarly with the situations at Tso =140 oC and 170 oC. However, the size of nucleation 
bubbles became much smaller as compared with Figs. 3.4.I(b) and (c) for Tso =170 oC. 
Therefore, a coalescence of bubbles was never observed on the surface and tiny nucleate 
bubbles merged and produced a very thin vapor blanket on the hot surface. Transition boiling 
situation where the transparent dryout area (film boiling area) on the circumference of the 
liquid-solid interface coexisted with the central nucleate boiling area was seen in Fig. 3.5.I(c) 
at 0.86 ms.  
 
Then partial nucleate boiling area gradually shrank and finally disappeared and then the thin 
vapor blanket occupied the whole of the liquid-solid interface to complete transition to the 
film boiling situation as shown in Fig. 3.5.I(d) at 2.68 ms.  
From the sequential images of Fig. 3.5.I(d), the transient boiling from the initial nucleate 
boiling to the film boiling took place within a short delay time of 2.68 ms. In the other word, 
the hot surface can keep wetting situation for a duration of 2.68 ms. Therefore, this time is 
very important factor during the transient boiling on the hot surface. Thus, the vapor film 
generation delay time is defined as tfilm to develop a thin vapor blanket beneath a sessile 
droplet.  
 
Finally, the thin liquid film suddenly broke from a certain point near the reference hot 
junction and the hot surface beneath the liquid film was exposed to atmosphere as denoted 
with the white dashed circle in Fig. 3.5.I(f) at tbreak 7.32 ms. In contrast with the situations at 
140 oC and 170 oC, the development in the transient boiling at Ts0 = 190 
oC, both of the vapor 
film generation and the liquid film breaking were observed but the boiling transition to dryout 






As we can see in Fig.3.5.II, just after the droplet impact sudden drop in Tw from 190 ºC to 180 
ºC was recorded. The corresponding maximum heat flux reached about 11 MW/m2 at 0.32 
ms. At this time the surface around the hot junction was in wetted condition and the whole of 
the interface area was nucleate boiling situation. After this, the heat flux reduced dramatically 
as the boiling situation changed to transition boiling region and finally approached to almost 
zero after tfilm. Tw, started to recover to the initial solid temperature. Because the development 
of the stable vapor film blanket between the surface and the liquid was completed and it made 
poor heat transfer. The trends in Tw and qw seemed to hardy change after tbreak. 
 
d) Tso = 240 °C (Tso >TSL) 
Boiling situation dramatically changed at the surface temperature of 240 oC as shown in Fig. 
3.7.I. Nucleation boiling was not seen except for the contact time at 0.50 ms as shown in Figs. 
3.7.I(b). The vapor film under the droplet was quickly generated as compared with lower 
initial surface temperature in Fig. 3.4.I. tfilm occurred at 2.50 ms. The liquid film was finally 
broken at 9.00 ms as shown in Fig. 3.7.I(f).  
 
As we can see in Fig. 3.7.II, at the beginning of droplet impact, very small temperature 
decreased from 240 ºC to 230 ºC was recorded due to a very short liquid-solid contact time. A 
sudden surface temperature drop with a corresponding high heat flux of about 10 MW/m2 was 
measured at 0.50 ms (wet condition over the hot junction) after the droplet impact on hot 
surface. After that, it is observed that the heat flux reduced dramatically and finally 
approached to zero at 2.50 ms as shown in Fig. 3.7.II(d). After the generation of stable vapor 
film, tfilm of 2.50 ms, the surface temperature, Tw, started to recover to the initial solid 
temperature. 
From Figs. 3.2 to 3.7, we can clearly see the difference between boiling situation at low 
temperature of Tso 140 ºC to high temperature of Tso 240 ºC. Therefore, we can concluded that 
the wet area can still exist for short time even the surface temperature is beyond TSL (197 ºC) 








                           hot junction                  wetted area            coalescence bubbles  
     
                           (a) t = 0.0 ms                (b) t = 0.50 ms             (c) t = 2.50 ms  
                         unstable dry out       spreading dry patch         pheroidal droplets  
               of liquid film                                                   with  dense mist 
     
                           (d) t = 7.00 ms             (e) t = 9.64 ms               (f) t = 16.0 ms 
I  Sequential images of boiling situation at initial surface temperature of 140 °C 












Tso=140.1 °C ΔTsub=53 K u = 2.04 m/s














II  Change in measured Tj and estimated Tw and qw with time 
 
Figure 3.2 Transient boiling situations and measured local heat transfer at Ts0 = 140 °C,  
ΔTsub = 53 K, u = 2.04 m/s, θ = 0 deg 
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Ti = 136.6 °C 
tbreak = 9.64 ms 
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                            (a) t = 0.0 ms              (b) t = 0.50 ms              (c) t = 1.00 ms         
   active nucleation site                        circular dry patch        
                           
                           (d) t = 2.00 ms              (e) t = 4.51 ms              (f) t = 6.24 ms 
I  Sequential images of boiling situation at initial surface temperature of 170 °C 
 











Tso=170.3 °C ΔTsub=53 K u = 2.04 m/s
















II  Change in measured Tj and estimated Tw and qw with time 
 
Figure 3.4 Transient boiling situations and measured local heat transfer at Ts0 = 170 °C,  
ΔTsub = 53 K, u = 2.04 m/s, θ = 0 deg 
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                              hot junction              wetted area             nucleate boiling  film boiling 
     
                            (a) t = 0.0 ms               (b) t = 0.32 ms              (c) t = 0.86 ms 
                         Fully developed                 
                         vapor film                       film boiling         liquid film break  
     
                       (d) t = 2.68 ms (tfilm)         (e) t = 4.00 ms         (f) t = 7.32 ms (tbreak) 
I  Sequential images of boiling situation at initial surface temperature of 190 °C 











Tso=190.3 °C ΔTsub=53 K u = 2.04 m/s














II  Change in measured Tj and estimated Tw and qw with time 
 
Figure 3.5 Transient boiling situations and measured local heat transfer at Ts0 = 190 °C,  
ΔTsub = 53 K, u = 2.04 m/s, θ = 0 deg 
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Figure 3.6   Sketches of vapor film generation process and liquid film breaking situation 
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                           Hot junction                  wetted area          remaining of wetted area 
     
                           (a) t = 0.0 ms               (b) t = 0.50 ms             (c) t = 1.27 ms 
                        Fully developed                 
                         vapor film                       film boiling          liquid film break  
     
                      (d) t = 2.50 ms (tfilm)        (e) t = 4.00 ms           (f) t = 9.00 ms (tbreak) 
I  Sequential images of boiling situation at initial surface temperature of 240 °C 
 










Tso=240.3 °C ΔTsub=53 K u = 2.04 m/s
















II  Change in measured Tj and estimated Tw and qw with time 
 
Figure 3.7 Transient boiling situations and measured local heat transfer at Ts0 = 240 °C,  
ΔTsub = 53 K, u = 2.04 m/s, θ = 0 deg  
5mm 5mm 5mm 
5mm 5mm 5mm 
Ti = 234.0 °C 
tfilm = 2.50 ms tbreak = 9.00 ms 
Dry Wet 












3.4.2 Effect of liquid subcooling on the transient boiling 
 
a) Tso = 180 °C (Tso <TSL) 
Figure 3.8.I and 3.9.I shows the sequential images of boiling situation on the horizontal hot 
surface of Ts0 = 180 ºC at the lowest u of 1.24 m/s for two different ΔTsub of 40 K and 33K, 
respectively.  
From Fig. 3.8.I, it is observed that after the impact, the droplet started to flatten and spread on 
the hot surface. As shown in Figs. 3.8.I(b) and (c) at 0.32 and 1.0 ms, weak nucleation sites 
beneath the droplet can be seen after the droplet impact. Suddenly, a fully developed vapor 
film, tfilm indicated about 2.0 ms as shown in Fig. 3.8.I(d) for ΔTsub = 40 K. Meanwhile in Fig. 
3.9.I(d), it shows that the fully developed vapor film occurred at much lower time of 1.60 ms 
after the impact for ΔTsub = 33 K. But, the breakup of the stable liquid film, almost identical 
tbreak recorded 11.54 ms and 11.36 ms for ΔTsub of 40 K and 33 K. 
 
As we can see in Fig. 3.8.II, after the droplet impact, Tw decreased within 2.0 ms from 180 ºC 
to approximately 175 ºC being near to Ti. Maximum heat flux as high as 10 MW/m2 was 
recorded. At the earlier boiling, the vicinity of the hot junction kept wetted situation as shown 
in the Fig. 3.8.I(c). As shown in Figs. 3.8.II, a stable vapor film blanket covered the whole of 
liquid and solid interface at tfilm = 2.00 ms for ΔTsub = 40 K. Meanwhile, for ΔTsub = of 33 K, a 
stable vapor film blanket covered the whole of liquid and solid interface at the vapor film 
generation time tfilm = 1.60 ms as shown in Fig. 3.9.II. 
 
b) Tso = 190 °C (Tso ≈TSL) 
Figure 3.10.I and 3.11.I shows the sequential images of boiling situation taken for the  
horizontal surface θ = 0 deg, the lowest impact velocity u = 1.24 m/s and two different ΔTsub = 
40 K and 33K. It was observed that a fully developed vapor film occur at 1.50 ms and 1.14 ms 
for ΔTsub = 40 K (Fig.3.10.I(d)) and 33 K (Fig.3.11.I(d)). When ΔTsub was reduced, the vapor 
film generation time, tfilm seemed to shorten. However, effect of ΔTsub on tfilm was not so 
sensitive. This data was also supported by graphs shown in Fig. 3.10.II and 3.11.II. The tfilm 






c) Tso = 220 °C (Tso > TSL) 
Figure 3.12.I and 3.13.I shows the sequential images of boiling situations for ΔTsub = 40 K 
and 33 K, respectively. As shown in Figs. 3.12.I(d) and 3.13.I(d), a fully developed vapor film 
occurred at tfilm = 1.40 and 0.86 ms for for ΔTsub = 40 and 33K. As shown in Figs.3.12.I(f) and 
3.13.I(f), the liquid film on the vapor blanket finally breaks near the junction as shown in 
Figs. 3.12.I(f) and 3.13.I(f). tbreak indicated 10.34 ms and 12.63 ms for ΔTsub = 40 K and 33 K, 
respectively.  
 
As we can see in Fig. 3.12.II for ΔTsub = 40 K, after the droplet impact, Tw decreases within 
1.40 ms from 220 ºC to approximately 215 ºC being near to Ti and a maximum heat flux as 
high as 7 MW/m2 was recorded. tfilm indicated 1.40 ms. After that, Tw started recovery. Similar 
histories are also observed in Fig. 3.13.II, Tw dropped from 220 ºC to 215 ºC and then started 
recovery. tfilm reduced to 0.86 ms shorter than tfilm for ΔTsub = 33 K as shown in Fig. 3.13.II. 
From the results, we can concluded that liquid subcoolings have a little effect on tfilm. From 
Figs. 3.8-3.13 and table 3.2, we can concluded that, if the liquid subcoolig decrease, the tfilm 
will also decrease. For the case of different ΔTsub, it is also observed that the wet area can still 
exist for short time even the surface temperature is beyond TSL after the droplet impact on hot 
surface. 
 
Table 3.2   Comparison of generation time of vapor film, tfilm with different liquid subcooling 
Figure Tso (ºC) ∆Tsub (K) Generation time of vapor film, tfilm (ms) 
3.8 180  40 2.0 
3.9 180  33  1.60 
3.10 190  40  1.50 
3.11 190  33  1.14 
3.12 220  40  1.40 
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I  Sequential images of boiling situation at initial surface temperature of 180 °C 












Tso=180 °C ΔTsub=40 K u = 1.24 m/s















II  Change in measured Tj and estimated Tw and qw with time 
 
Figure 3.8 Transient boiling situations and measured local heat transfer at Ts0 = 180 °C,  
ΔTsub = 40 K, u = 1.24 m/s, θ = 0 deg  
5mm 5mm 5mm 
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Ti = 176 °C 
tfilm = 2.0 ms tbreak = 11.54 ms 
Dry Wet 











                           hot junction                  wetted area       remaining of wetted area 
     
                           (a) t = 0.0 ms               (b) t = 0.50 ms               (c) t = 1.00 ms 
                        fully developed                 
                         vapor film                       film boiling         liquid film break 
     
                       (d) t = 1.60 ms (tfilm)         (e) t = 4.0 ms         (f) t = 11.36 ms (tbreak) 
I  Sequential images of boiling situation at initial surface temperature of 180 °C 
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II  Change in measured Tj and estimated Tw and qw with time 
Figure 3.9 Transient boiling situations and measured local heat transfer at Ts0 = 180 °C,  
ΔTsub = 33 K, u = 1.24 m/s, θ = 0 deg  
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                          (a) t = 0.0 ms                 (b) t = 0.32 ms              (c) t = 1.00 ms 
                        fully developed                 
                         vapor film                         film boiling         liquid film break  
     
                     (d) t = 1.50 ms (tfilm)          (e) t = 4.00 ms         (f) t = 12.0 ms (tbreak) 
I  Sequential images of boiling situation at initial surface temperature of 180 °C 
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II Change in measured Tj and estimated Tw and qw with time 
 
Figure 3.10 Transient boiling situations and measured local heat transfer at Ts0 = 180 °C,  
ΔTsub = 40 K, u = 1.24 m/s, θ = 0 deg  
5mm 5mm 5mm 
5mm 5mm 5mm 
Ti = 185.6 °C 
tfilm = 1.50 ms tbreak = 12. 0 ms 
Dry Wet 
NB TB FB 
(a) (b) 







                            hot junction                  wetted area       remaining of wetted area 
     
                            (a) t = 0.0 ms               (b) t = 0.50 ms              (c) t = 0.64 ms 
                         fully developed                 
                         vapor film                       film boiling         liquid film break  
     
                     (d) t = 1.14 ms (tfilm)           (e) t = 4.00 ms        (f) t = 11.78 ms (tbreak) 
I  Sequential images of boiling situation at initial surface temperature of 190 °C 
 











Tso=190 °C ΔTsub=33 K u = 1.24 m/s
















II  Change in measured Tj and estimated Tw and qw with time 
Figure 3.11 Transient boiling situations and measured local heat transfer at Ts0 = 190 °C,  
ΔTsub = 33 K, u = 1.24 m/s, θ = 0 deg  
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               hot junction                  wetted area       remaining of wetted area 
     
                           (a) t = 0.0 ms               (b) t = 0.38 ms               (c) t = 0.57 ms 
                         fully developed                 
                         vapor film                        film boiling             liquid film break  
     
                      (d) t = 1.40 ms (tfilm)          (e) t = 5.00 ms       (f) t = 10.34 ms (tbreak) 
I  Sequential images of boiling situation at initial surface temperature of 220 °C 
 
 











Tso=220 °C ΔTsub=40 K u = 1.24 m/s
















II Change in measured Tj and estimated Tw and qw with time 
 
Figure 3.12 Transient boiling situations and measured local heat transfer at Ts0 = 220 °C,  
ΔTsub = 40 K, u = 1.24 m/s, θ = 0 deg 
5mm 5mm 5mm 
5mm 5mm 5mm 
Ti = 215 °C 
tfilm = 1.40 ms tbreak = 10.34 ms 
Dry Dry Wet 











         hot junction                wetted area       remaining of wetted area 
     
                            (a) t = 0.0 ms              (b) t = 0.32 ms               (c) t = 0.50 ms 
                         fully developed                 
                         vapor film                        film boiling           liquid film break  
     
                      (d) t = 0.86 ms (tfilm)          (e) t = 5.00 ms       (f) t = 12.63 ms (tbreak) 
I  Sequential images of boiling situation at initial surface temperature of 220 °C 
 (ΔTsub = 33 K, 1.24 m/s) 
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II Change in measured Tj and estimated Tw and qw with time 
 
Figure 3.13 Transient boiling situations and measured local heat transfer at Ts0 = 220 °C,  
ΔTsub = 33 K, u = 1.24 m/s, θ = 0 deg 
5mm 5mm 5mm 
5mm 5mm 5mm 
Ti = 215°C 
tfilm = 0.86 ms 
Dry Dry Wet 










3.4.3 Effect of droplet impact velocity on the transient boiling 
 
Figures 3.14.I and 3.8.I show the sequential images of boiling situation when an ethanol 
droplet came in contact with the horizontal hot surface being slightly below TSL at two 
different impact velocities of 2.04 and 1.24 m/s. For the both cases, ∆Tsub and Tso were fixed 
at 40 K and 180 ºC. From Fig. 3.14.I, a fully developed stable vapor film was entirely covered 
between the liquid and the solid at 3.00 ms are observed as shown in Fig. 3.14.I(d) for higher 
impact velocity of 2.04 m/s. Meanwhile, for the lowest u of 1.24 m/s, tfilm was 2.0 ms as 
shown in Fig. 3.8.I (d). 
 
As shown in Fig. 3.14.II, Tw decreases within 3.0 ms from 180 ºC to approximately 170 ºC 
being lower than Ti and a maximum heat flux as high as 13 MW/m2 was recorded for the 
highest u of 2.04 m/s. This fact suggests that the micro liquid layer beneath the vapor blanket 
was quickly generated and film boiling situation started. The liquid film on the vapor blanket 
kept spreading and finally break of liquid film was triggered near the junction as shown in 
Fig. 3.14.I(f) at tbreak = 7.40 ms. As shown in Fig. 3.8.II, at the lowest u of 1.24 m/s, tfilm was 
2.0 ms which is much shorter than impact velocity of 2.04 m/s shown in Fig. 3.14.II. This fact 
suggests that u has a major effect on tfilm. Table 3.3 shows the comparison of generation time 
of vapor film, tfilm with different impact velocity at same temperature of 180 ºC and same 
liquid subcooling of 40 K. 
 
Table 3.3   Comparison of generation time of vapor film, tfilm with different impact velocity 
 
Figure Tso (ºC) Impact velocity, u (m/s) Generation time of vapor film, tfilm (ms) 
3.14 180  2.04 3.0 








         hot junction                wetted area       remaining of wetted area 
     
                           (a) t = 0.0 ms                (b) t = 0.37 ms              (c) t = 1.00 ms 
                         fully developed                 
                         vapor film                         film boiling           liquid film break  
     
                      (d) t = 3.00 ms (tfilm)          (e) t =6.00 ms          (f) t = 7.40ms (tbreak) 
I  Sequential images of boiling situation at initial surface temperature of 180 °C 
 












Tso=180.0 °C ΔTsub=40 K u = 2.04 m/s
















II  Change in measured Tj and estimated Tw and qw with time 
 
Figure 3.14 Transient boiling situations and measured local heat transfer at Ts0 = 180 °C,  
ΔTsub = 40 K, u = 2.04 m/s, θ = 0 deg.  
5mm 5mm 5mm 
5mm 5mm 5mm 
Ti = 175 °C 
tfilm = 3.00 ms tbreak = 7.40 ms 
Dry Dry Wet 










3.4.4 Effect of inclined angle on the transient boiling 
 
Figures 3.15.I and 3.16.I show the sequential images of boiling situation that observed on the 
surfaces at θ = 0 and 30 deg. The other common experimental conditions were ∆Tsub = 53K, u 
= 1.69 m/s and Ts0 = 190 ºC. As shown in Fig. 3.16.I(d) for θ =0 deg, a fully developed stable 
vapor film was entirely covered the hot surface at tfilm = 2.20 ms. Meanwhile, in Fig 3.16.I(d) 
for θ = 30 deg, tfilm recorded 1.50 ms.  
 
Both condition in Figs. 3.15.I and 3.16.I were supported by graph data shown in Figs. 3.15.II 
and 3.16.II for horizontal and inclined conditions. For horizontal surface condition, Tw 
decreases within 2.20 ms from 190 ºC to approximately 180 ºC being lower than the reference 
temperature of Ti. Meanwhile for inclined surface conditions, a similar drop in Tw from 190 
oC to 182 oC occurred within 1.5 ms. For different inclined surface condition, it can be 
concluded that if the inclined angle increase,  tfilm will reduce as shown in Table 3.4. 
 
Table 3.4   Comparison of generation time of vapor film, tfilm with different inclined angle at 
the impact velocity of 1.69 m/s 
 
Figure Tso (ºC) Inclined angle, θ (deg) Generation time of vapor film, tfilm (ms) 
3.15 190  0 2.20 














                          hot junction                wetted area       remaining of wetted area 
     
                               (a) t = -0.5 ms           (b) t = 0.0 ms           (c) t = 1.04 ms 
                            fully developed                 
                            vapor film                     film boiling          liquid film break  
     
                           (d) t = 2.20 ms (tfilm)     (e) t = 5.00 ms     (f) t = 8.10 ms (tbreak) 
I  Sequential images of boiling situation at initial surface temperature of 190 °C 
 
























Tso=190.1 °C ΔTsub=53 K u = 1.69 m/s
Tj     Tw    qw     
horizontal surface θ , deg  = 0      
    
tfilm = 2.2 ms
FBNB TB
DryDryWet
tbreak = 8.1 ms
 
II  Change in measured Tj and estimated Tw and qw with time 
 
Figure 3.15 Transient boiling situations and measured local heat transfer at Ts0 = 190 °C, 
ΔTsub = 53 K, u = 1.69 m/s, θ = 0 deg.  
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                                           hot junction                  first contact         remaining of wetted area 
     
                              (a) t = -0.5 ms            (b) t = 0.0 ms            (c) t = 0.34 ms 
                            fully developed                 
                            vapor film                      film boiling         liquid film break  
     
                          (d) t = 1.50 ms (tfilm)     (e) t = 5.02 ms       (f) t = 7.31 ms (tbreak) 
I  Sequential images of boiling situation at initial surface temperature of 190 °C 
 










Tso=190.0 °C ΔTsub=53K u = 1.69 m/s














inclined surface θ , deg  = 30      
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II  Change in measured Tj and estimated Tw and qw with time 
 
Figure 3.16 Transient boiling situations and measured local heat transfer at Ts0 = 190 °C, 
ΔTsub = 53 K, u = 1.69 m/s, θ = 30 deg  
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3.5 Characteristics of liquid film breaking and vapor film generation time 
 
Figure 3.17 shows the relationships of the liquid film breaking time tbreak and the vapor film 
generation delay time tfilm with the initial surface temperature Tso on the horizontal surface θ = 
0 deg for the three droplet impact velocities of 1.24, 1.69 and 2.04 m/s. In each graph color of 
symbols is changed for the three different ∆Tsub of 33, 40 and 53K. The tbreak and the tfilm are 
denoted as half-solid symbols and solid symbols with uncertainty range, respectively. For 
reference, the liquid superheat limit temperature [67] TSL of ethanol at 0.1 MPa is denoted 
with the green dashed line. Lower limit temperature for the transition to film boiling TLF 
below which vapor film generation was never observed was also given with the blue dashed 
line. 
 
As shown in Fig. 3.17 (a) at u = 1.24 m/s, tbreak indicated minimal value of about 6 ms at Tso = 
140 ºC and kept about 10 ms as Tso increased beyond 190 ºC. The tbreak increased 
monotonically as Tso decreased below 140 ºC. Around 140 oC a violent bubble nucleation on 
the surface was observed and enhancement of the liquid film instability due to its disturbance 
might bring the minimal tbreak. The tbreak reached about 22 ms at the lowest Ts0 = 100 ºC. In 
contrast with lower Ts0 range below 180 oC, tbreak was hardly affected by Ts0 due to the smooth 
liquid film after cease of bubble nucleation. The tbreak was recorded over the whole 
experimental range of Ts0 from 100 to 250 ºC on the horizontal surface.  
 
Meanwhile, the vapor film generation delay time tfilm was recorded only for the Ts0 beyond the 
lower minimum vapor film generation temperature TLF of 180 oC denoted by blue dashed line. 
It was found that tfilm approached to a certain value below 1 ms as Tso increased beyond TSL. 
∆Tsub seems not to have a major effect on tbreak and tfilm at u = 1.24 m/s. Thus the TLF does not 
change with ∆Tsub. The uncertainty value of TLF = 180 ºC + 0 K, 180 ºC - 10 K. From the 
comparison of tbreak and tfilm, the dryout mechanism is categorized into two regions divided by 
TLF, which are 1) Ts0 < TLF : the dryout governed by liquid film breaking and 2) Ts0 > TLF : the 







As seen from Figs. 3.17(b) and (c), similar characteristics of tbreak and tfilm with Fig.3.17(a) 
were obtained for higher impact velocities u = 1.69 and 2.04 m/s. However, the tbreak seems to 
reduce and the tfilm increases as increase in u. In Fig.3.17(c) for u = 2.04 m/s, tfilm was slightly 
affected by ∆Tsub and tbreak appears to increase as increase in ∆Tsub.  
 
Figures 3.18(a) and (b) show effects of initial surface temperature Tso and the surface inclined 
angle θ on tfilm and tbreak for two different liquid subcoolings of 53K and 33K, respectively. In 
the graph, tbreak and tfilm are denoted as open triangle symbols and solid triangle symbols with 
range of uncertainties, respectively. As shown in Fig.3.18, transition to the film boiling 
situation was observed for the initial temperature range beyond 180 ºC. From Fig. 3.18(a) for 
∆Tsub = 53 K, it can be seen that tfilm reduces as Tso increases. For example, tfilm of Tso = 180 ºC 
for θ = 0, 30 and 40 deg were 3.15, 2.61 and 2.04 ms, respectively. Meanwhile, tfilm for θ = 0, 
30 and 40 deg at Tso = 190 ºC were 2.20, 1.50 and 1.15 ms, respectively.  
Therefore, it can be concluded that the surface inclination angle θ has an effect on tfilm. tfilm for 
the larger θ  becomes shorter. 
 
Fig. 3.18(b) for ∆Tsub = 33 K shows similar decreasing pattern of tfilm. However, tfilm at the 
lower liquid subcooling appears to be slightly shorter. As shown in Figs. 3.18(a) and (b), even 
though Tso increases beyond the liquid superheat limit temperature of ethanol TSL = 197 ºC, 
tfilm indicated a time as small as a few milliseconds. Nucleation boiling namely, wetted 
situation on the hot surface still exists for very short time on the hot surface being beyond TSL 
at which liquid phase of ethanol cannot exist steadily. On the other hand, the breaking time 
tbreak at Tso beyond TSL indicates almost constant time of 7-8 ms regardless of ∆Tsub and θ. For 
Tso below TSL, tbreak decreases with decrease in Tso. This trend in tbreak may be due to 
disturbance of active nucleation.  
Since tbreak is much longer than tfilm under all conditions (Tso>TLF) denoted in Fig.3.18, the 
development of vapor blanket governs dryout of the hot surface. The present experiment 
results were obtained below the initial surface temperature of 250 ºC. In case of much higher 
initial surface temperature than 250 ºC, tfilm may decreases and get to be governed 
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(b) u = 1.69 m/s 
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(b) ∆Tsub = 33K 
Figure 3.18 Effects of initial surface temperature Ts0 and inclined angle θ on tfilm and tbreak  








3.6 Conclusion for the single droplet impact experiments 
 
A details study of initial surface temperature, different in liquid subcooling, droplet impact 
velocities and inclined angle have been carried out to get better understanding and its 
relationship with liquid film breaking time and the film generation time. From the single 
droplet test, it can be concluded that a wet area can exist for short time even the surface 
temperature is beyond TSL. It is also observed that a stable film boiling will took place from 
lower limit temperature of film boiling, TLF point. In the case of much higher initial surface 
temperature than 250 ºC, tfilm may decrease governed by a homogenous nucleation. From Figs. 
3.18 and 3.19, we can concluded that the liquid film breaking time, tbreak and the film 
generation time, tfilm can be regarded as the characteristics times of the transient dryout 
phenomena during impact of droplet on  hot surface. From the comparison of tbreak and tfilm, 
the dryout mechanism is categorized into two regions divided by TLF, which are 1) Ts0 < TLF : 
the dryout governed by liquid film breaking and 2) Ts0 > TLF : the dryout governed by the 
vapor film generation (tfilm < tbreak).  The uncertainty value of lower limit temperature of film 
boiling was, TLF = 180 ºC + 0K, 180 ºC – 10 K. 
 
The boiling transition process beneath a spreading droplet on the hot surface is categorized 
into the following three types as increase in the initial surface temperature.  
 
Type-1: Fragmentation of spreading liquid film into small spheroid droplets that is triggered 
by raptures of coalescence bubbles, induces surface dryout. For a duration time defined as a 
liquid film breaking time until the inception of fragmentation, surface wetting and nucleate 
boiling can be maintained. 
 
Type-2: Dryout of micro liquid layer beneath a stable thin vapor film which is generated by 
coalescence of high density nucleation bubbles on the hot surface, induces film boiling 
situation. Surface wetting and nucleate boiling can be maintained for a delay time of dryout 







Type-3: Extremely rapid vapor generation on liquid- solid interface induces film boiling 
situation and at least nucleation bubble on the surface was hardly observed by the high speed 
camera with a frame interval of 45 μs. Homogeneous nucleation process may govern the 






 Chapter 4 
Characteristics of transient transition 





In chapter 3, the vapor film generation time has been discussed for the single droplet 
impact test. For single droplet impact, we come to understand that if the initial surface 
temperature increased, the film generation time decreased to order of microsecond and 
film boiling situation seemed to be established via spontaneous nucleation (vapor 
explosion) process. The multiple droplet impacts simulate liquid and solid contact 
situations on a hot surface during spray or laminar jet quench. In the case of the multiple 
droplets impact tests, film generation times were evaluated every droplet impact during 
continuous cooling from the initial solid temperature. Thus, the objective of this research 
is to investigation transient transition boiling phenomena when a multiple ethanol droplet 
contacts with a hot nickel surface. The hot surface was inclined 30 deg from the 
horizontal position. The experiment was conducted for an extensive initial surface 
temperature ranging from 160 Ԩ to 250 Ԩ, including liquid superheat limit temperature 
of ethanol (197 Ԩ), two different liquid subcoolings of 53 K and 33 K, and three different 












4.2 Experimental apparatus  
 
Schematic diagram of experimental apparatus for multiple droplet impacts tests was similar 
with the single droplet test as shown in Fig. 4.1. except for the droplet generator. Meanwhile, 
generation of multiple droplets was shown in Fig. 4.2. For the multiple droplet impacts tests, a 
series of droplets were generated by fragmentation of column liquid jet injected from the 
nozzle pipe of φ 1.6 mm in the inner diameter and 0.05 mm in the thickness due to the 
Rayleigh-Plataeu instability. To enhance and stabilize the fragmentation, the nozzle pipe was 
forcibly vibrated with the moving coil driven by the function generator. The vibration 
frequency fn was decided with the Rayleigh-Plataeu instability wave length λR (= 4.508 x dj) 
and the injected velocity at the exit of the nozzle uj. Ethanol was supplied from the liquid tank 
to the nozzle via the solenoid valve. uj was adjusted by the air pressure in the liquid tank. In 
case of uj = 3.0 m/s and diameter of the liquid column dj = φ 1.6 mm, the basic harmonic 
frequency of the Rayleigh-Plataeu instability f = uj / λR corresponds to 280 Hz. In the present 
study, first, second and third orders of harmonics; 280, 560 and 840 Hz were tested. Transient 
boiling situation on the heated surface was recorded with the digital high speed camera 
connected to the trinocular tube of the microscope. A typical frame rate was 10,000 fps at the 
fixed resolution of 640 x 480 pixels.  Recording of the high speed video camera was much 
longer than single droplet test. Furthermore, impact velocities and diameters of droplets were 
measured with the additional side view high speed video camera at frame rates of 1,000 fps. 
The temperature measurement systems were triggered with a TTL output signal transmitted 
from the photo interrupter synchronized with an initial falling droplet.  
In multiple droplet impacts test, the height of the dispenser was fixed above 250 mm from the 
hot surface. The compressed air was supplied at 4 kPa from the pressure regulator to the 
liquid tank and the injection velocity uj of 3.0 m/s was obtained. During vibrating the nozzle 
pipe with the moving coil, the solenoid valve was opened to start cooling of the hot surface 
with multiple droplet impacts. The data sampling system and the observation system were 
simultaneously started with the photo interrupter detecting an initial falling droplet just before 
impact. Experiment repeated at the interval of over 5 minute to decay effect of the previous 





Figure 4.3 shows a generation of multiple droplets at three different applied frequency, fn of 
280, 560 and 840 Hz. Unstable of droplet impact frequency can be seen for fi = 840 Hz where 
the distance between droplets is quite narrow and coalescence of droplets may occur. 
Meanwhile, Fig. 4.4 shows a relationship between fn (applied frequency) and fi (impact 

























(1) Nickel disc with film-wire thermocouples (2) Band heater (3) Ice box (4) Data logger (5) 
Isolation amplifier (6) Microscope  (7) high speed camera (8) Droplet generator (9)Solenoid 
valve (10) Ethanol Tank (11) Pressure regulator (12) Valve Controller (13) Function 
generator (14) Moving coil (15) Heater controller (16) computer (17) Laser sensor  
 
Figure 4.1 Schematic diagram of multiple impacts test 
 
 









   
             280 Hz            560 Hz             840 Hz 
Figure 4.3 Generation of multiple droplets at three different frequency of 280, 560 and 
  840 Hz 
 
 










4.3 Experimental conditions 
 
The experimental range of the multiple droplets impact test was tabulated in Table 4.1. The 
initial surface temperature was from 160 °C up to 210 °C. Two subcoolings of 33 K and 53 K 
were tested. The experiments were done for the fixed inclined angle of 30 deg to prevent 
rebound droplets from coming into collision with impinging droplets.  
 
Table 4.1 Experimental conditions 
 
Test liquid Ethanol 
Saturation temperature, Tsat (oC) at 1 atm 78  
Initial surface temperature, Ts0 (oC) 160-210 
Degree of subcooling, ∆Tsub (K) 53, 33  
Diameter of droplet, d (mm) 3.0 2.5 1.3 
Frequency of nozzle vibration, fn (Hz) 280 560 840 
Injection velocity, uj (m/s) 3.0 
Nozzle inner diameter, dn (mm) φ1.6 

















4.4 Multiple droplet impacts test 
4.4.1 Effect of initial surface temperature on cooling curve 
 
Figure 4.5 shows photos of boiling situations at surface temperature of 180 ºC (∆Tsub = 53 K, 
fn = 560 Hz). The three photos taken at 34 ms, 90 ms and 799 ms were shown for Ts0 = 180 
oC. Each photo denotes the boiling situation just before impact of the next droplet and the 
droplet to impact next can be seen above the hot surface. 
 
In the photo of Fig. 4.5(a) corresponding to the end of TB region, we can see the entire of the 
hot surface was covered with the vapor film beneath the liquid layer film before impact of the 
next droplet. Meanwhile, in photos of Figs. 4.5(b) and (c) corresponding to NB region, the 
nucleate boiling area was continually observed until the next droplet impacted on the surface. 
Furthermore, the photo of Fig. 4.5(b) taken at the earlier NB region shows that the nucleate 
boiling took place on only central area around the first contact point. On the other hand, the 
photo of Fig. 4.5(c) at the fully developed NB region denoted that the entire of the liquid-solid 
interface was covered with NB region until the next impact. 
 
In Fig. 4.6, nucleation boiling, transition boiling and film boiling was defined as “NB”, “TB” 
and “FB”, respectively for easy understanding. For reference, illustration of nucleate boiling 
(NB), transition boiling (TB), film boiling (FB), impact interval and generation time of vapor 
film tfilm also is given in Fig. 4.6. 
 
Meanwhile, Fig. 4.7 shows a typical measured temperature changes during the multiple 
droplet impacts tests for three different initial temperatures; Ts0 = 170, 180 and 190 oC (∆Tsub 
= 53 K, fn = 560 Hz). The location of the hot junction was at droplet impact point. As shown 
in Fig. 4.5(b), similar fluctuation of the measured temperature with the single droplet impact 
tests was repeated in accordance with droplet impact period. The film boiling was observed 
only at Ts0 = 190 oC among the three initial temperatures. In case of Ts0 = 170 and 180 oC, the 
transient cooling was initiated from the transition boiling. In the film boiling, the temperature 





following temperature recovery due to the formation of the vapor film. Temperature recovery 
process and temperature drop during vapor film generation were shown in Fig. 4.7(c). When 
the heat transfer shifted to the transition boiling, duration of temperature drop gradually 
increased as elapsed time increased. 
 
Consequently amplitude of the temperature fluctuations increased at the transition boiling 
region. On the contrary, the temperature recovery disappeared on the nucleate boiling region 
at which the surface was wetted continuously and then temperature fluctuations in accord with 
the droplet impact became invisible in the temperature histories. 
 
From the experimental results of the multiple droplet impacts, we can see that the vapor film 
generation time gradually increases with time and finally the NB heat transfer over the entire 
of the droplet impact interval can be achieved. To keep the FB situation on the hot surface, 
microsecond order of very short tfilm is required. Thus we considered tfilm as a key parameter 
governing the rewetting phenomena under the periodical liquid-solid contacts, and tracked tfilm 
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(c) Time range from 40 to 60 ms (Closeup for Tso = 190 ºC only). 
 
Figure 4.7 Comparison of measured temperature changes for different intitial  
   temperature Tso =170, 180 and 190 ºC under the condition of fn = 560 Hz and 





















Figure 4.8 shows the relationship between the film generation time tfilm and the initial surface 
temperature Tw0 for different initial solid temperature Ts0 during the multiple droplet impacts. 
In Fig. 4.8, it is observed that the tfilm during the multiple droplet impacts are correlated with 
initial surface temperature Tw0 for the initial solid temperatures of Ts0 = 170, 180 and 190 oC. 
The initial surface temperature Tw0 was taken as the surface temperature at the time when 
droplet impacted on the reference hot junction. The relationship between tfilm and Ts0 at θ = 30 
deg taken for single droplet was denoted with the orange solid triangle symbols shown in Fig. 
4.8. For reference, the superheat limit temperature of ethanol TSL and the lower limit 
temperature of vapor film generation TLF for the single droplet test were denoted with the 
arrows. The dot-dash line indicated nominal period of the multiple droplet impacts 1/fn = 1.8 
ms. It is noted that the impact periods were sometimes fluctuated due to the coalescence or 
fragmentation of droplets before impact on the surface. Thus some of the semi-solid symbols 
of tfilm were beyond the dot-dash line. It was also found that the tfilm for the multiple impacts 
were still recorded below the lower limit temperature of the vapor film generation TLF for the 
single droplet impact.  
 
In a similar way as the single impact tests, the tfilm increased with decrease of Tw0. In case of 
Two much higher than TLF (Tw0 >> TLF), the tfilm for the multiple impacts seem to approach to 
that of the single droplet impacts denoted with the solid blue line. These facts imply that the 
vapor film generation delay time is not governed with only initial surface temperature in the 
multiple impact conditions and the transition boiling can be maintained at lower initial surface 
temperature Tw0 than T,LF obtained for the single droplet tests. Comparing tfilm of the multiple 
impacts with the dot-dashed red line (the droplet impact period), we can see the ratio of the 
wet and dry duration times decreased as Tw0 decreased. When Tw0 of the initial solid 
temperature Ts0 = 170, 180 and 190 oC decreased below 142, 145 and 170 oC, the wetting 
ratio reached at unity and the continuous wetting situation was achieved during the multiple 
droplet impacts on the hot surface.  
Therefore, when the impact period reduces, the ratio of wetting duration time to the period 
may increase. It is expected that wetting situation is possible at higher surface temperature 
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Figure 4.8   Relationship between the film generation time tfilm and the initial surface  
  temperature Tw0 for different initial solid temperature Ts0 during the multiple 




















4.4.2 Effect of impact frequency on cooling curve 
 
Figure 4.9 shows a comparison of measured temperature changes for initial surface 
temperature of 180 oC for different impact frequency of 280, 560 and 840 Hz shown by red, 
green and blue lines. The liquid subcooling was 53 K. From Fig. 4.9, it is observed that the 
Twet point for droplet impact frequency of 280, 560 and 840 is almost close to each other 
which is about 42.0 ms. As mention before, Twet point is the point where the boiling condition 
shift from transition boiling to nucleation boiling and a small part of wet area comes to appear 
on the hot surface. All data also shows almost same pattern of temperature drop and 
temperature fluctuation after the first multiple droplet impact. After the surface temperature 
reach the Twet point, nucleation boiling becomes dominant on the surface. From Fig. 4.9, we 
may conclude that the effects of frequency at least below 840 Hz may give only a small effect 
to the multiple droplet tests at lower temperature of 180 oC.  
 
Figure 4.10 shows the relationship between film generation time tfilm and the initial surface 
temperature Tw0 of 180 oC for three different droplet impact frequencies of 280, 560 and 840 
Hz. As shown in Fig. 4.10, all data of tfilm are plotted below the lower limit temperature of 
vapor film generation TLF. It is also observed that almost all data are plotted below nominal 
period of the multiple droplet impacts 1/fn = 1.8 ms. From Fig. 4.10, it is observed that when 
the initial solid temperature Ts0 = 180 decreased below 142, 145 and 140 oC, the continuous 
wetting situation was achieved on the hot surface. From Fig. 4.10, we can conclude that even 
the surface temperature is below the liquid superheat limit temperature of ethanol TSL, vapor 
film still occur at low surface temperature. Furthermore, even the surface temperature is 
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Figure 4.9 Comparison of measured temperature changes for different impact frequency 
  of 280, 560 and 840 Hz at initial surface temperature of 180 oC (∆Tsub 53 K) 
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Figure 4.10  Relationship between the film generation time tfilm and the initial surface  
  temperature Tw0 for different droplet impact frequency fn during the multiple 









4.5 Conclusions for the multiple impacts experiments 
 
From the experimental results of the multiple droplet impacts, we can see that the vapor film 
generation time gradually increases with time and finally the NB heat transfer over the entire 
of the droplet impact interval can be achieved. To keep the FB situation on the hot surface, 
microsecond order of very short tfilm is required. Thus we considered tfilm as a key parameter 
governing the rewetting phenomena under the periodical liquid-solid contacts, and tracked tfilm 
at every droplet impacts until the hot surface became continuously wetted situation.  
 
The recovery processes of fully wetting situation during multiple droplets impact were 
observed and measured in detail with the high speed imaging technology and the fast response 
temperature measurement method. 
 
The Twet point is approximately 140 °C (TB-NB) during the multiple impact on hot surface at 
the temperature of 170, 180 and 190 °C. 
 
The relationships of the film generation time and the initial surface temperature for the 
multiple droplet impacts indicated a similar trend but the film generation time for the multiple 
impacts was recorded below the lower limit initial solid temperature of the single impact test. 
This fact may give one of the interpretations about the wetting temperature shift to higher wall 






 Chapter 5 




An experimental work was conducted to investigate transient transition boiling phenomena 
after a single and multiple ethanol droplet contacts on a hot nickel surface. Our target was to 
determine experimentally the time of generation of a stable vapor film at various experimental 
conditions which may govern whether a hot surface holds wetting (nucleation boiling) or not 
(dryout) after liquid-solid contact. From the present study, several conclusions were made 
based on high speed visual observations together with the analysis of the inverse heat 
conduction solution. The outcomes can be enumerated below: 
 
1. The fabricated film-wire thermocouples with response time of 80 μs were proven 
working well against series of droplet impact experiment up to 250 °C. 
2. From the single droplet test, it can be concluded that a wet area can exist for short time 
even the surface temperature is beyond TSL (>197 °C). 
3. It is also observed that stable film boiling will take place from TLF point (> TLF). 
4. From the comparison of tbreak and tfilm, the dryout mechanism is categorized into two 
 regions divided by TLF, which are 1) Ts0 < TLF : the dryout governed by liquid film 
 breaking and 2) Ts0 > TLF : the dryout governed by the vapor film generation (tfilm < 
 tbreak). The uncertainty of lower limit temperature of film boiling was, TLF = 180 ºC + 
 0K, 180 ºC – 10 K. 
5. The boiling transition process beneath a spreading droplet on the hot surface is 
 categorized into the following three types as increase in the initial surface 
 temperature.  
 Type-1: Fragmentation of spreading liquid film into small spheroid droplets that is 





 time defined as a liquid film breaking time until the inception of fragmentation, 
 surface wetting and nucleate boiling can be maintained. 
 Type-2: Dryout of micro liquid layer beneath a stable thin vapor film which is 
 generated by coalescence of high density nucleation bubbles on the hot surface, 
 induces film boiling situation. Surface wetting and nucleate boiling can be maintained 
 for a delay time of dryout defined as a vapor film generation time. 
 Type-3: Extremely rapid vapor generation on liquid- solid interface induces film 
 boiling situation and at least nucleation bubble on the surface was hardly observed by 
 the high speed camera with a frame interval of 45 μs. Homogeneous nucleation 
 process may govern the dryout phenomenon.  
6. In case of much higher initial surface temperature than 250 °C, tfilm may decrease and 
govern by homogenous nucleation. 
7. The liquid film breaking time, tbreak and the film generation time, tfilm can be regarded 
as the characteristic time of the transient dryout phenomena during impact of single 
droplet on hot surface. 
8. The recovery processes of fully wetting situation during multiple droplets impact were 
observed and measured in detail with the high speed imaging technology and the fast 
response temperature measurement method. 
9. The Twet point is approximately 140 °C (TB-NB) during the multiple impacts on hot 
surface at the temperature of 170, 180 and 190 °C. 
10. The relationships of the film generation time and the initial surface temperature for the 
 multiple droplet impacts indicated a similar trend but the film generation time for the 
 multiple impacts was recorded below the lower limit initial solid temperature of the 
 single impact test. This fact may give one of the interpretations about the wetting 
 temperature shift to higher wall superheat region commonly known in laminar and 











Some conclusions and new findings have been reported in this dissertation, further studies 
regarding this droplet impact experiment can still be performed for future  studies. Therefore, 
a few suggestions for future works are depicted here. 
 
(1) FC-72 can be used as a test liquid for future studies due to much lower saturation 
 temperature, ∆Tsat than ethanol. FC-72 also can be used for multiple impacts test to 
 study the effect of different liquids. 
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 Appendix  
Effect of surface oxidization on film 
generation time  
 
A.1 Objective 
An objective of this research is to investigate transient transition boiling phenomena when a 
single ethanol droplet contacts on a hot nickel surface on which a special thermal sensor is 
mounted. In this experiment, effect of surface oxidization has been studied. For additional 
information, the thermal sensor used in this experiment has been used for nearly two year. 
Thus, the surface condition may give an effect on the vapor film generation time. The 
experiment was conducted for an extensive initial surface temperature ranged from 160 Ԩ to 
250 Ԩ, including liquid superheat limit temperature of ethanol (197 Ԩ), three different liquid 
subcoolings ranged from 53 K to 33 K, and three different droplet impact velocities ranged 
from 1.24 m/s to 2.04 m/s. The droplet diameter was 3.7 ± 0.2 mm. The surface was inclined 
35 deg from horizontal direction. Finally, the results from this experiment were compared 
with our new data in chapter 3.  
 
A.2 Experimental conditions 
Table A1 Experimental condition 
Test liquid Ethanol Tsat = 78 oC 
Initial surface temperature, Ts0 (oC)  160-250  
Degree of subcoolings, ∆Tsub (oC) 53, 40, 33  
Diameter of droplet, d (mm) 3.7 ± 0.2  
Impact velocity, u (m/s) 1.24,1.69, 2.04  
Weber number, We 200, 370, 540 






The experimental range in this study was tabulated in Table A1.1. As for testing liquid, 
ethanol which has a low saturated temperature (78 oC) and liquid superheat limit temperature 
(197 oC) was chosen. The initial surface temperature range included both heterogeneous 
nucleation (at lower temperatures) and homogeneous nucleation (at higher temperatures) 
condition of the liquid under consideration.  
 
A.3 Results and discussions 
 
Figure A1 shows the sequential images of boiling situation that occurred when an ethanol 
droplet (∆Tsub = 40 K, u = 1.69 m/s) came in contact with the hot nickel surface at a 
temperature of 160 °C which far below the temperature, TSL of ethanol. A red dot denotes the 
location and the real size of a reference hot junction. The time denoted below each 
photograph indicates the elapsed time after the droplet had contacted with the hot junction. 
After the droplet had impacted on the inclined surface, it was flattened on the surface and 
started sliding downwards. At the beginning of the droplet impact, the generation of small and 
tiny bubbles were observed near the hot junction as shown in Figs. A1(c)-(d). The number of 
nucleation sites increased sharply with time as shown in Fig. A1(e) at 1.0 ms. Combined 
nucleation boiling and unstable film boiling characterized by the coexistence of wetted (due to 
liquid contact with surface) and dry area (due to vapor contact with surface), namely a 
transition boiling situation, occurred up to 6.9 ms as shown in Figs. A1(f)-(j). In this 
experiment, the residence time of a droplet was considered as the time of first droplet 
contacting the hot surface until leaving the hot junction. In other words, the residence time 
was the time when the hot junction became dry after the first impact. A circular dry patch at 
the hot junction was found at about 6.9 ms as shown in Fig. A1(j) and gradually expanded 
with time (Figs. A1(k)-(l)). Soon, the liquid started leaving the hot junction and finally, at the 










   Location of hot junction                                   First droplet impact    Generation of bubbles 
    
             (a) -1.0 ms                   (b) -0.5 ms                   (c) 0.0 ms                      (d) 0.3 ms 
   Active nucleation sites                         Mixture of nucleate and unstable film boiling 
    
  (e) 1.0 ms             (f) 1.8 ms                     (g) 2.0 ms               (h) 3.0 ms   
  Circular dry patch at the hot junction     Droplet leaving the hot junction     Dry area 
    
   (i) 4.0 ms             (j) 6.9 ms                     (k) 8.0 ms               (l) 10.0 ms   
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Figure A2 depicts the recorded junction temperature (Tj), the surface temperature (Tw) and the 
surface heat flux (qw) estimated by the inverse heat conduction solution for the experimental 
conditions described in Fig. A1. The wet and dry condition over the hot junction at different 
instance of time as shown in Fig. A1 is also manifested in the time history of surface 
temperature and surface heat flux as depicted in Fig. A2. For instance, at the beginning of the 
droplet impact, when liquid contacted the surface, the surface temperature underwent a sharp 
drop with a corresponding rise in the surface heat flux. This condition essentially 
corresponded a wet condition. From the data, the surface temperature Tw decreased from 160 
°C to 148 °C and about 10 MW/m2 of maximum heat flux was recorded approximately at 0.2 
ms. The surface temperature after the sharp drop started rising which indicated the dry surface 
condition resulting from the boiling of liquid in contact with the surface. The surface 
temperature recovered under the dry surface condition due to internal heat conduction from 
the interior of the solid while the surface heat flux was almost zero. Following the 
temperature recovery, another maximum heat flux was recorded which is approximately 12 
MW/m2 at 3.0 ms. Successive  maximum heat flux corresponding to 10 MW/m2 at 4.8 ms and 
7 MW/m2 at 6.5 ms were recorded after the droplet impact on hot surface as shown in Fig. A2 
The residence time of the droplet that was the time the liquid staying on the hot surface from 
the first impact until leaving the hot junction, tr, ended at 6.9 ms. After 6.9 ms, the formation 
of dry patch began to appear at the hot junction that gradually got enlarged with time. After 
this, the surface heat flux became zero and the wall temperature started recovering to the 
initial solid temperature. The visual observation of the surface temperature starting to restore 
to the initial solid condition near the resident time as depicted in Figs. A1(j)-(l) also 
conformed to the inverse heat conduction solutions. 
 
A close up view of the variation in the surface temperature and the surface heat flux during 
the first cycle of the wet (temperature drop) and dry (temperature recovery) surface condition 
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Figure A2 Surface temperature and surface heat flux after liquid-solid contact at the  
  temperature of 160 °C 
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Figure A3 Close-up view of surface temperature and surface heat flux after liquid-solid 









Figure A4 shows the sequential images of boiling situation taken for the initial surface 
temperature, Tso = 200 ºC, which was near the temperature TSL =197 ºC (∆Tsub = 40 K, u = 
1.69 m/s). As depicted in Figs. A4(d) and (e), active nucleation sites were observed on the 
wetted area at 0.5 ms and 1.0 ms respectively. Nucleation boiling was seen as a small and tiny 
bubble sheet. The formation of this bubble is like a circle shape beneath the liquid as shown in 
a white dashed line in Figs. A4(e)-(f). A few milliseconds after the droplet impact, this 
numerous tiny bubbles seem to coalesce to form a vapor blanket beneath the liquid layer as 
shown in Figs. A4(e)-(i). However, the cluster of tiny bubbles in some locations as shown in 
Fig. A4(i) indicated that the liquid may still remain in contact with the surface. Finally, a 
stable vapor film layer was fully developed and covered the entire liquid-solid interface when 
the droplet impact time reaches 4.0 ms as shown in Fig. A4(j). We defined the generation time 
as the time at which a fully developed film boiling was first observed after the droplet impact 
on hot surface. The generation time was measured through visual observation from the high 
speed image. During the first contact, the wet surface (nucleate boiling) could be seen on the 
hot surface. Then, this tiny bubbles collapsed to form a stable vapor film beneath the liquid. In 
other words, the time it took from the first impact of the droplet to generate a fully developed 
vapor film (film boiling) was known as generation time. The generation time may govern 
either a hot surface holded wetting (nucleation boiling) or dryout after the liquid-solid contact. 
Similar to Fig. A1(j), a circular dry patch at the hot junction was found at about 5.5 ms as 
















  Location of hot junction      Before impact        First droplet impact      Tiny bubble growth 
    
           (a) -1.0 ms                (b) -0.5 ms                  (c) 0.0 ms                   (d) 0.5 ms 
              Active nucleation sites               Remaining of wetted area      Vapor film 
    
    (e) 1.0 ms    (f) 1.5 ms                  (g) 2.0 ms                   (h) 3.0 ms 
  Remaining of wetted area    Fully developed stable vapor film               Circular dry patch 
    
            (i) 3.5 ms                 (j) 4.0 ms                    (k) 5.0 ms               (l) 5.5 ms  
 
Figure A4 Boiling situation at initial surface temperature of 200 °C.  
















Figure A5 depicts the recorded junction temperature (Tj), the surface temperature (Tw) and the 
surface heat flux (qw) estimated by the inverse heat conduction solution for the experimental 
conditions described in Fig. A5. As we can see, at the beginning of droplet impact the 
temperature decreased from 200 ºC to 190 ºC in a very short period of time. A sudden surface 
temperature drop with a corresponding high heat flux of about 8 MW/m2 was measured at 0.2 
ms (wet condition over the hot junction) after the droplet impact on hot surface. After this, the 
heat flux reduced dramatically and finally approached to zero at the time of 4.0 ms due to the 
existence of a stable vapor film between the surface and the liquid hindering heat transfer 
from the surface as shown in Fig. A4(j). After the generation of stable vapor film (at 4.0 ms) 
the surface temperature, Tw, started to recover which again stimulated at the end of the 
residence time, tr, which has been found to be about 5.5 ms as shown in Fig. A4(l). 
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Figure A5 Surface temperature and surface heat flux after liquid-solid contact at the  











Figure A6 shows sequential images of boiling situation taking place over the hot surface with 
Ts0 = 250 ºC, which is far above the TSL of ethanol (∆Tsub = 40 K, u = 1.69 m/s). It may be 
noticed from Fig. A6(e), the remaining of tiny bubbles can still be observed in a very short 
period of time on a hot surface after the droplet impact on hot surface. During the visual 
analysis, it seemed like the tiny bubbles disappeared very fast inside the droplet itself. As 
reported by Fujimoto et al. [4], the formation of isolated vapor bubbles during the collision at 
high temperature was far less than the cases with lower temperature. Since vapor conducts 
heat poorly, an impacting drop in the film boiling region interacts with the heated surface 
through a vapor film layer, and therefore, does not exhibit the characteristic of boiling 
behavior such as nucleate boiling. Finally, at the time of 182 μs after the droplet impact on hot 
surface, a fully developed and stable vapor film (generation time) was established on the hot 
surface as shown in Fig. A6(f). As we mentioned before, we define the generation time as the 
time at which a fully developed film boiling is first observed after the droplet impact on hot 
surface.  
 
                  Location of hot junction                                    First droplet impact       
     
                              (a) -1.0 ms                   (b) -0.5 ms                    (c) 0.0 ms 
           Existence of tiny bubbles     Remaining of tiny bubbles   Stable vapor film 
                                                                                            (fully developed film boiling) 
     
                              (d) 0.46 ms                (e) 137.0 ms                (f) 182.0 ms 
Figure A6 Boiling situation at initial surface temperature of 250 °C. 
   (above TSL = 197 °C)  
5mm 5mm 5mm 






Figure A7 depicts the recorded junction temperature (Tj), the surface temperature (Tw) and the 
surface heat flux (qw) estimated by the inverse heat conduction solution for the experimental 
conditions described for Fig. A6. The generation time reduced very much which was as short 
as 182 μs as shown in Fig.A6(f). It means, within a very short period, the wet area can still 
exist on the hot surface. A maximum heat flux of 5 MW/m2 was recorded during this short 
period. After 182 μs, the hot surface became dry and was covered with a stable vapor film 
layer. The surface temperature initially dropped from 250 °C to 247 °C and remained constant 
until 7.7 ms. This small temperature drop in a very short time and subsequent constancy of the 
surface temperature proved that the hot surface was already occupied by vapor film. The 
residence time of a droplet (tr) ended approximately at 7.7 ms. The surface temperature during 
“Film” boiling period kept constant and slightly decreased due to heat transmission from solid 
to liquid side through a thin stable vapor film. The boiling heat transfer coefficient in this 
period was indicated around 6 kW/(m2K) and it may be acceptable as subcooled film boiling 
heat transfer. If we suppose the vapor film thickness to be 5 μm and saturated temperature 
condition at the liquid-vapor interface, heat flux of 1 MW/m2 could be transmitted with pure 
heat conduction in the vapor film. Then, the surface temperature started to recovery after the 
residence time. The surface temperature seemed to be saturated at 248 °C at 10 ms. 
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Figure A7 Surface temperature and surface heat flux after liquid-solid contact at the  






Figure A8(a) describes the relation between the generation time of stable vapor film and 
liquid subcooling for a particular droplet impact velocity (u =1.69 m/s). The lower limit 
temperature of film boiling described herein refers to the surface temperature below which no 
stable film boiling was observed. In other words, the film boiling only took place when the 
surface temperature was higher than this lower limiting temperature. A boundary between wet 
and dry surface condition which is tentatively given to connect the average values of tfilm by a 
dashed line may appear as shown in Fig. A8(a). This wet surface condition represented the 
condition under which a liquid had a direct contact with the surface. Meanwhile, the dry 
surface condition represented the condition under which a fully developed vapor film was 
established. For each surface temperature, experiments were conducted for two times and the 
average time of stable vapor film generation was plotted along with the corresponding 
uncertainty bar as shown in Fig. A8(a). Furthermore, the average time of stable vapor film 
was plotted in the middle of each uncertainty bar. This means that all data were assumed to be 
within the uncertainty range. As depicted in Fig. A8(a), the generation time of vapor film 
decreased with the increase of the surface initial temperature. This trend was similar for all 
three liquid subcoolings under consideration. The boundary of wet and dry surface conditions 
shifted towards high surface temperature with increasing liquid subcooling. However, the 
generation time of stable vapor film reduced dramatically at 250 °C for all liquid subcoolings. 
For example, the generation time for ∆Tsub= 40 K became very short that was approximately 
182 μs. The high speed image and experimental data of this situation is clearly shown in Fig. 
A6(f) and Fig. A7.  
Meanwhile Fig. A8(b) shows our new data of vapor generation time. Compared to previous 
data in Fig. A8(a), it is observed that almost all the data in Fig. A8(b) was 2 times shorter than 
the previous one. This means that, effect of surface oxidization may give an effect to the 
vapor film generation time. As we mention before, the thermal sensor used in the previous 
experiment has been used for nearly two years. We believe that the previous thermal sensor 
surface was already contaminated by tiny dust, etc. Thus, the surface condition might be 
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(a) previous data 
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(b) new data  
Figure A8 The relationship between generation time of stable vapor film and liquid  














Figure A9(a) shows the relation between the generation time of stable vapor film and the 
effects of droplet impact velocity at liquid subcooling ∆Tsub = 53 K. The experimentally 
obtained lower limit temperature for  stable vapor film generation corresponded to 195 °C, 
205 °C and 215 °C  for droplet impact velocity of 1.24 m/s, 1.69 m/s and 2.04 m/s 
respectively. In the case of higher droplet impact velocity, it was confirmed that the lower 
limit temperature of stable film boiling increased. Similar to Fig. A8(a), Fig. A9(a) is also 
divided by wet (liquid-solid contact) and dry (fully developed vapor film) surface conditions. 
As we can see in Fig. A9(a), if the surface temperature increased, the generation time of stable 
vapor film decreased for all droplet impact velocities in a similar fashion to Fig.A8(a). The 
trend of variation of the generation time of stable vapor film with surface temperature was 
similar for all droplet impact velocities. Furthermore, Fig. A9(a) shows that the generation 
time of stable vapor film for all impact velocities seemed to converge to the same value for a 
surface temperature higher than 240 °C. 
Figure A9(b) shows a new data of vapor film generation time. From Fig. A9(b), it is also 
observed that the generation times of vapor film becomes 2 times shorter compared to 
previous data shows in Fig. A9(a). From Figs. A8(b) and A9(b), we can concluded that the 
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(a) previous data 
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(b) new data 
 
Figure A9 The relationship between generation time of stable vapor film and droplet 













In conclusion, the generation time of stable vapor film (tfilm) at a certain Tso higher than the 
temperature of TSL decreased for all subcoolings and droplet impact velocities. However, the 
effect of ∆Tsub and droplet impact velocities on tfilm seemed to disappear when Tso  became 
higher than 240 °C. The generation time of stable vapor film (tfilm) was recorded below a 
millisecond order beyond the temperature of 240 °C. Okuyama et al. [65] conducted an 
experimental investigation on spontaneous nucleation and reported a vapor film growth time 
below 10 μs due to the spontaneous nucleation with rapid heating of ethanol. Moreover, the 
theoretical study of homogeneous nucleation boiling phenomena done by Hasan et al. [66] 
shows that the time scale of boiling phenomena at any liquid subcooling is greatly shortened 
by higher surface initial temperature. This fact implies that the vapor generation mechanism is 
very close to the shifting point of spontaneous nucleation.   
    
The summary of generation time of stable vapor film at high temperature of 250 °C is shown 
in Table A2. It can be concluded from Table A2 that a wet area that is liquid contacts with hot 
surface can still exist over an extremely short period of time even the surface temperature is 
very high. In terms of longer wetting time, much cooler liquid and much higher droplet 
impact velocities are necessary. Furthermore, it can be concluded that the heterogeneous 
nucleation changes to homogeneous nucleation as the initial temperature goes up to 250 °C 
















Table A2 Time of stable vapor film generation during ethanol contact with high surface 
   temperature nickel surface (250 °C) 
 
u = 1.69 m/s 
liquid subcooling 
∆Tsub (K) 










∆Tsub = 53 K 
impact velocity 
u (m/s) 





























An experimental work was conducted to investigate transient transition boiling phenomena 
after a single ethanol droplet contacts on a hot nickel surface. Our target was to determine 
experimentally the time of generation of a stable vapor film at various experimental 
conditions which may govern whether a hot surface holds wetting (nucleation boiling) or not 
(dryout) after liquid-solid contact. From the present study, several conclusions were made 
based on high speed visual observations together with the analysis of the inverse heat 
conduction solution. The outcomes can be enumerated below : 
 
(1) Degrees of liquid subcooling, droplet impact   velocities and the initial temperatures of 
 the solid  may give an effect on the generation of stable vapor film.    
(2)  The lower limit temperature of stable film boiling increases if the liquid subcooling and 
droplet  impact velocity increase. 
(3)   For both parameters, heterogeneous nucleation  changes to homogeneous nucleation as 
 the initial  temperature goes up to 250 °C and the effect of subcooling and impact 
 velocities can be still seen. 
(4)   The present study clearly elucidates that the wet area i.e. direct liquid contact with 
surface can still exist for a very short period of time even the surface temperature 
reaches 250 °C. 
(5)  Cooler liquid and higher of droplet impact velocities can hold the wet area for longer 
 time. 
(6) Surface oxidization may give an effect on the vapor film generation time. 
 
 
 
